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Lake trout (Salvelinus namaycush) were extirpated from Lake Champlain around 1900 
and from the lower four Great Lakes by 1960. Their ecological, commercial and 
recreational importance has prompted extensive restoration efforts. Despite widespread 
evidence of natural reproduction by stocked lake trout, there is minimal evidence of 
survival of wild progeny beyond age-0. Various abiotic and biotic impediments may be 
preventing self-sustaining lake trout populations from becoming established. 
Unsuccessful restoration in shallow areas has recently prompted a shift to restoration 
efforts to offshore, deep reefs in the Great Lakes. The first objective of this study was to 
develop, test, and implement methods for evaluating lake trout reproduction in deep 
water, where previously established techniques were ineffective. The second objective 
addressed the recruitment bottleneck between the emergent fry and juvenile life stages in 
Lake Champlain, by assessing the severity of predation on lake trout fry by epi-benthic 
fish. 
  In order to quantify egg density on deep-water habitats (>18 m), we paired a 
deep-water egg trap with egg bags to establish a relationship between the two types of 
gear in Lake Champlain. There was no significant difference between densities in the egg 
bags and deep-water traps, but there was a positive correlation of their ranks (correlation 
coefficient = 0.514, p<0.0001).  The deep-water traps were then used in Lake Michigan 
to successfully acquire the first egg density data from two sites on the deep Mid Lake 
Reef Complex. A drop electroshocker was developed to detect fry presence and tested in 
Lake Champlain in conjunction with emergent fry traps. Both types of gear exhibited 
similar patterns of fry relative abundance.  
 To assess fry predation in Lake Champlain, two-hour gillnet sets during the 
period of fry emergence to identify fry predators and to describe how predation patterns 
changed diurnally and temporally. Seven species of epi-benthic fry predators were 
identified, including five species that had not been previously identified as fry predators. 
Yellow perch and rock bass dominated the predator community at two study sites (83% 
of total catch, N=1179, 77% of all fry predators, N=57). Predator presence and fry 
consumption was almost entirely nocturnal. There was a linear aggregational response in 
predator CPUE (fish/hr) to increasing fry relative abundance (p<0.033) but confirmed 
predators did not exhibit a functional response. There was evidence of a threshold of fry 
relative abundance at 1 fry/trap/day for the onset and conclusion of fry predation. 
Temperature was a driving factor in the timing of fry emergence and predator abundance, 
allowing us to predict the relative impact of predators based on temperature scenarios. 
Only 5% of the potential predators consumed fry. We used empirical probabilities of 
consumption to model loss of fry due to predation. This consumption model revealed that 
predator abundances would have to be extremely high for predation to significantly 
reduce the population of fry. However, given the relatively high species richness of 
predators observed at the shallow water study sites, lake trout fry survival is likely to be 
higher at deep, offshore reefs. These results support the recent shift in restoration efforts 
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Historically, the Great Lakes and Lake Champlain contained self-sustaining 
populations of lake trout (Salvelinus namaycush). The lake trout population in Lake 
Champlain began to crash in the mid to late 1800s and were extirpated by 1900 (Plosila 
and Anderson 1985). Suggested but unconfirmed reasons for this decline include 
predation by sea lamprey (Petromyzon marinus), overharvest, and predation by rainbow 
smelt (Osmerus mordax) (Halnon 1963; Plosila and Anderson 1985). Lake trout 
populations were extirpated from the lower four Great Lakes by the 1960s due to a 
combination of overharvest, predation by sea lamprey, and anthropogenic eutrophication 
( Eschmeyer 1957; Eshenroder 1992; Cornelius et al. 1995; Elrod et al. 1995; Hansen et 
al. 1995).  
Current restoration efforts in the Great Lakes and Lake Champlain include sea 
lamprey control and the annual stocking of lake trout yearlings, which are fin clipped 
before stocking (Marsden et al. 2005). Despite evidence of spawning by stocked fish in 
the Great Lakes and Lake Champlain, Lake Superior is the only lake in which the lake 
trout population is self-sustaining (Hansen et al. 1995). There is also documented natural 
recruitment in areas of Lake Huron, contributing as much as 50% to the total population 
of lake trout (Reid et al. 2001). Between 1982 and 2001, the percentage of wild unclipped 
lake trout in Lake Champlain has never exceeded 10.6% and has predominantly been 
between 2% and 6% (Ellrott and Marsden 2004). Since 2001, there has not been any 
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significant recruitment of lake trout, as the percentage of wild lake trout has not exceeded 
4%, the estimated level of clips missed during hatchery operations or during reading of 
fin clips on field-caught lake trout (J. Jonas, Michigan DNR, personal communication). It 
is postulated that the factors preventing successful lake trout reproduction most likely 
occur between egg deposition and the yearling stage (Marsden et al. 2005). Several 
possible hypotheses for the failure of lake trout recruitment in Lake Champlain at various 
life stages are discussed below. 
 
Spawners 
Adequate density and age composition of spawning fish stocks are fundamental 
necessities for species restoration (Selgeby et al. 1995). Lack of appropriate size and age 
of adult lake trout populations has been suggested as a possible impediment of successful 
lake trout reproduction in Lake Michigan (Bronte et al. 2003). Older lake trout have 
higher fecundity and should deposit more eggs during spawning than younger fish 
(Savino et al. 1999). Lake Superior is the only Great Lake with sustained natural 
recruitment and, perhaps coincidently, the only Great Lake with advanced age classes (a 
mean age of 12 years or older; (Bronte et al. 2007)). Low densities of older lake trout 
spawners is one factor that contributes to poor natural recruitment on Six Fathom Bank 
and Yankee Reef in Lake Huron (Madenjian et al. 2004). Based on a review of 24 lake 
trout spawning areas in the Great Lakes, a stock size density of 17-135 lake trout/305m of 
gillnet should be sufficient for natural recruitment (Selgeby et al. 1995). These stock 
sizes ranges were based on seven of the 24 sites where there was evidence of successful 
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natural lake trout reproduction. However, 10 spawning sites had spawning stock densities 
of 43-195 fish/305m, with no detection of recruitment due to other limiting factors 
(Selgeby et al. 1995).  
Mortality from sea lamprey predation can reduce stock size below a threshold 
necessary for recruitment (Bronte et al. 2003). Although sea lamprey wounding rates in 
Lake Champlain are relatively high compared to the Great Lakes, since 1991 there has 
been adequate survival of  repeat spawners (> age 7) comprising between 19% and 47% 
of all lake trout sampled in the fall assessment surveys (Fisheries Technical Committee, 
1999). Between 1982 and 1997 in Lake Champlain, summer gillnet surveys (when lake 
trout populations are less concentrated) yielded a catch per unit effort between 7.5 and 
27.5 fish/305m representing several year-classes of sexually mature (> age 5) lake trout 
(Fisheries Technical Committee, 1999). In the fall of 2006, standardized lake trout index 
gillnets captured an average of 115 fish/305m at Grand Isle (N=4) and 79 fish/305m at 
Arnold Bay (N=2) (Appendix A). Both of these averages are well within the range of 
minimal stock size criteria (17-135 lake trout/305m) defined by Selgeby et al. (1995) as 
necessary for recruitment of wild juvenile lake trout (assuming there are no other limiting 
factors). In the fall of 2006, lake trout spawners were collected incidentally in whitefish 
index nets set at two additional sites near the Grand Isle breakwall. Densities were 
extremely high: 160 lake trout/305m at Rockwell Bay and 232 lake trout/305m at Wilcox 
Cove, in a single net set at each site (Appendix A). These data indicate that adult stock 




Bronte et al. (2003) suggest that one possible impediment to lake trout restoration 
in Lake Michigan is inadequate genetic diversity for the colonization of both inshore and 
offshore spawning sites, the reestablishment of natural predator/prey relationships, and 
avoidance and survival from lamprey predation. Various genetic characteristics of lake 
trout can affect biological processes necessary for restoration, including survival, juvenile 
recruitment and habitat utilization (Burnham-Curtis et al. 1995). Lake trout in large lakes 
with varying habitat conditions have evolved into different phenotypic forms which have 
discernable genetic differences (Krueger and Ihssen 1995). Lake trout restoration efforts 
in the Great Lakes, which have been largely unsuccessful basin-wide, have yet to utilize 
historic phenotypic and genetic diversity that existed within lakes (Eshenroder et al. 
1999). Several strains of lake trout are used for stocking, each presumably adapted to 
various biotic and abiotic environmental conditions. Historically, stocking efforts in Lake 
Ontario and the other Great Lakes have focused on five main strains (Krueger et al. 
1989). Genetic strains in fish can have significant differences in growth rate, fecundity, 
disease resistance, stress resistance, age to maturity, and time of spawning and spawning 
location (Heidinger 1999).  
Between 1974 and 1990, seven different lake trout strains were stocked in Lake 
Champlain (Fisheries Technical Committee 1999). Since 1990, only the Seneca Lake and 
Lake Champlain strain (progeny of feral lake trout from Lake Champlain) have been 
stocked (Ellrott and Marsden 2004). Two studies in Lake Ontario revealed that the 
Seneca strain contributed most to the genetic makeup of wild fry from successfully 
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reproducing stocked lake trout (Marsden et al. 1989; Marsden et al. 1993). The Seneca 
strain in Lake Ontario also exhibited other desired management qualities in their ability 
to avoid lamprey predation and survive sea lamprey wounding (Schneider et al. 1996). 
Similar results were observed in Lake Huron, where the Seneca strain had significantly 
higher (40 times) survival rates in the Northern Refuge than other stocked strains 
(Eshenroder et al. 1995).  
More recently, gillnet surveys on Six Fathom Bank and Yankee Reef in Lake 
Huron indicated a significantly lower mortality rate for the Seneca Lake strain (also 
attributed to sea lamprey avoidance) as compared to the Marquette and Lewis Lake 
strains (Madenjian et al. 2004). For older year classes of lake trout at eight lake-wide 
sites in Lake Michigan, the survival of the Seneca Lake strain was about three times that 
of the Marquette and Lewis Lake strain (Bronte et al. 2007). However, another recent 
genetic study in Lake Michigan on lake trout from Sheboygan Reef and nearshore areas 
near Milwaukee concluded that the Marquette strain from Lake Superior survives as well 
as or better than the Seneca strain (McKee et al. 2004). 
 
Spawning Habitat 
Lake trout spawn on small and large reefs in a wide range of depths; however, the 
most important physical attributes of their spawning reefs seem to be cobble and/or 
boulder substrate with deep interstitial spaces near a steep slope or moderate currents 
(Fitzsimons 1995; Marsden et al. 1995). These characteristics provide the eggs with 
protection from predators and well oxygenated water with less potential of suffocation 
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from silt settling out of the water column (Gunn 1995). Siltation, eutrophication, and 
lowered water levels have contributed to a loss of spawning habitat for Salvelinus 
species, which can prevent successful reintroductions (Noakes and Curry 1995).  
In 2000 and 2001, evidence of lake trout spawning was found in Lake Champlain 
at eight of 14 surveyed spawning sites that had suitable substrate (Ellrott and Marsden 
2004). In addition to the eight sites documented by Ellrott and Marsden (2004), there is 
anecdotal evidence and by-catch data from whitefish and landlock salmon surveys 
indicating that there is quality lake trout spawning habitat being utilized throughout Lake 
Champlain (unpublished data).  
 
Egg Density and Predation    
Lake trout eggs are vulnerable to predation by epi-benthic and interstitial 
predators during egg deposition and incubation periods (Scott and Crossman 1973). 
Among community interactions, predation on lake trout eggs may be the most important 
ecological process for the failure of lake trout recruitment after stocking (Evans and 
Olver 1995). Modeling of lake trout egg and fry predation between spawning and swim-
up indicates that interstitial predation of eggs accounted for the most mortality (76% to 
81%) compared to epi-benthic egg predation (12%-19%) and fry predation (0-12%) 
(Savino et al. 1999). Lake trout eggs have a 4-5 month incubation period, making them 
vulnerable to interstitial egg predation for a longer time period than epi-benthic egg and 
fry predation (Savino et al. 1999). Slimy sculpins (Cottus cognatus) are well-documented 
predators of lake trout eggs, but their impact on lake trout recruitment is contingent on 
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egg density, abundance and size of sculpins, predation rate, and habitat quality (Hudson 
et al. 1995).  In Keuka Lake, New York, Fitzsimons (1990) documented significant epi-
benthic predation by yellow perch (Perca flavescens) on lake trout eggs on seven lake 
trout spawning reefs.  
Evans and Olver (1995) compared fish communities in lakes where lake trout 
were previously stocked, and discovered that predators of lake trout eggs and fry were 
significantly more common in lakes that lake trout failed to colonize after stocking. Lake 
Superior has the most successful natural recruitment of lake trout among all of the Great 
Lakes, and it generally has lower densities of predators (Jones et al. 1995). Interstitial egg 
predator densities in Lake Michigan were twice as high as in Lake Champlain and Lake 
Huron (Jonas et al. 2005).  
Although there is no evidence of exotic species preying on lake trout eggs in Lake 
Champlain, there could be significant predation from the over-abundance of yellow 
perch. Preliminary observations in Lake Champlain reflected Fitzsimons’ (1990) 
findings: schools of yellow perch were videotaped in late November 2004, actively 
feeding on lake trout eggs on the Grand Isle breakwall substrate. In a preliminary study, 
four out of six yellow perch electro-shocked in the Grand Isle cove contained lake trout 
eggs, ranging from 2 to 10 eggs per stomach (unpublished data). 
Egg densities in Lake Champlain should be high enough to counteract predation 
pressures. In a recent study, the density of interstitial egg predators Lake Champlain was 
lower than Lake Michigan and comparable to that of Parry Sound, Lake Huron, where 
lake trout are considered restored (Reid et al. 2001; Jonas et al. 2005). Furthermore, the 
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ratio of egg-to-predator density was the highest in Lake Champlain (Jonas et al. 2005). 
Assuming mean predation rates by epi-benthic and interstitial predators on eggs and fry 
as observed in the Great Lakes, the model of Savino et al. (1999) revealed that a “high” 
egg density between 500 and 1000 eggs/m2 resulted in an estimated lake trout survival 
between 70 and 80%. In 2001, egg densities at three sites in Lake Champlain were 
substantially above a suggested threshold egg density of 500 eggs/m2  necessary to 
withstand predation rates observed in the Great Lakes (Jones et al. 1995; Ellrott and 
Marsden 2004). Egg densities have continued to be very high at two sites in Lake 
Champlain during surveys in the fall of 2005 and 2006 (unpublished data). 
 
Water Quality for Egg Incubation 
Adequate water quality in addition to certain physical conditions of a lake trout 
spawning reef are necessary for egg incubation and survival over the winter. High 
densities of zebra mussels (Dreissena polymorpha) block interstitial spaces and could 
increase the susceptibility of eggs to predation and damage from currents (Marsden and 
Chotkowski 2001). Although spawning lake trout utilize shallow and artificial reefs, the 
presence of zebra mussels increases egg loss and decreases the spatial range of egg 
deposition, as lake trout exhibit an avoidance to spawning over areas having high 
densities of zebra mussels (Marsden and Chotkowski 2001). Zebra mussels may prevent 
dispersion of eggs by clumping eggs together in high concentrations which can cause the 
spread of fungus. Martin and Olver (1980) suggest that this fungus can cause egg loss on 
spawning reefs. The high density of eggs observed by Ellrott and Marsden (2004) in Lake 
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Champlain is likely to counteract egg mortality due to zebra mussels, but fungus was 
observed in egg bags on the Grand Isle breakwall (Marsden et al. 2005). 
Water quality is crucial for egg development and incubation, but threshold levels 
of dissolved oxygen, ammonia, hydrogen sulfide, and carbon dioxide have not been 
determined (Marsden et al. 1995). Anthropogenic activities in surrounding watersheds 
can increase siltation and turbidity on spawning reefs, which may have serious negative 
impacts on lake trout reproduction (Martin and Olver 1980). In addition, zebra mussel 
respiration and excretion is likely to impair local water quality (Marsden and Chotkowski 
2001). The observed aggregation of spawning lake trout at spawning reefs adjacent to 
steep slopes may be related to the accompanying currents which in turn maintain local 
water quality (Marsden et al. 1995).  
The site with highest egg density in Lake Champlain, the Grand Isle breakwall, 
has significant currents which likely keep the spawning substrate free of sand, silt and 
fine organic matter (Ellrott and Marsden 2004). Whallon Bay, which had the third highest 
density of lake trout eggs, is also adjacent to a steep slope and local currents should 
facilitate good local water quality. However, Saxton Cove and Arnold Bay have moderate 
to high egg densities but do not have contour breaks or documented currents (Ellrott and 
Marsden 2004). Fry survey results from 2001 and 2002 at Grand Isle, Arnold Bay and 
Whallon Bay indicate that deposited eggs are successfully incubated at these sites, and 
hatched with an adequate emergence percentage between 11.7% and 18% (Ellrott and 




Fry loss due to predation between emergence and the yearling stage may be a 
significant factor in unsuccessful lake trout recruitment. Based on variations in 
recruitment levels observed in five different fish species, Houde (1987) concluded that 
predation is usually a more important process than starvation behind poor recruitment 
levels. Lake trout fry reside in the interstices of their spawning reef until their yolk sac is 
absorbed and they become free-swimming larvae (Savino et al. 1999). During this period, 
which may last three to five weeks, fry are vulnerable to interstitial predators such as 
sculpins (Savino 1999). Fry are first exposed to pelagic predation as they swim up 
through the water column to inflate their swim bladders (Krueger et al. 1995). In the 
laboratory and field, fry activity and vertical movement from the cobble into the water 
column was much greater during the night, where and when fry would be more 
vulnerable to predation by epi-benthic predators (Krueger et al. 1995, Baird and Krueger 
2000). 
 Models suggest that, after interstitial predation of eggs, predation of fry during 
swim-up was the second most important predation process affecting lake trout survival 
(Savino et al. 1999). On near-shore reefs, fry predation could significantly impact lake 
trout survival, especially if the predation rates are over 4 fry/m2/d (Savino et al. 1999). 
Alewife (Alosa pseudoharengus), lake trout, round whitefish (Prosopium cylindraceum), 
smelt, white sucker (Catostomus commersoni), brown bullhead (Ictalurus nebulosus), 
burbot (Lota lota), yellow perch, mottled sculpin (Cottus bairdi) and slimy sculpin have 
all been identified as consuming lake trout fry (as reviewed by Jones et al. (1995)).  Of 
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these species, burbot, sculpins and yellow perch have been observed to have the most 
significant impact on lake trout fry (Jones et al. 1995).  Evans and Olver (1995) found 
that yellow perch had a 60% occurrence in lakes that lake trout failed to colonize after 
stocking. While one predator might not be limiting factor for lake trout recruitment, the 
cumulative pressures from multiple predators may have a serious negative effect (Savino 
et al. 1999). In Lake Ontario, documented fry predation by exotic alewives may be one 
factor in poor natural recruitment of wild lake trout and their restoration may not be 
possible until alewife populations are significantly reduced (Krueger et al. 1995).  
Although lake trout fry innately recognized the danger of alewives in the lab (and 
presumably native fish predators as well) and subsequently display evasive behaviors, 
they were still vulnerable to predation (Strakosh and Krueger 2005). 
Very little is known about the fate of lake trout fry in the wild after they emerge 
from spawning substrate. The only field study on predation of lake trout fry by native fish 
species was conducted in 1979 by trawling adjacent to a lake trout spawning reef 
(Stauffer and Wagner 1979). Krueger et al. (1995) observed predation by exotic alewives 
on lake trout fry, but there is not yet an established lake-wide population of alewives 
Lake Champlain. The Great Lakes Fishery Commission identified the interaction of fish 
communities on the survival of lake trout fry as a first order research priority for 
investigating the failures of rehabilitation (Evans and Olver 1995; Eshenroder et al. 
1999). Savino et al. 1999 suggested that “future studies should provide simultaneous 





Although predation is easier to observe and detect in the field, competition could 
also be an important biotic process inhibiting lake trout survival (Jones et al. 1995). 
Invertebrates are an important food source for young trout, especially Mysis relicta and 
Pontoporeia spp. (Scott and Crossman 1973). While cohabitating a spawning reef, age - 0 
lake trout and sculpins compete for Mysis, and although the two species seem to co-exist 
naturally, high densities of sculpins could inhibit lake trout recruitment (Hudson et al. 
1995). Eschmeyer (1956) also emphasized the importance of Mysis to the diet of juvenile 
lake trout, as 70% of the stomachs of young-of-the-year lake trout contained Mysis.  Lake 
Superior has the highest natural recruitment of lake trout of all of the Great Lakes and, in 
addition to low predators, it also has lower densities of competitors (Jones et al. 1995).  
Although competition is an ecological process that could limit lake trout fry 
survival, a recent study concluded that lake trout fry were highly resistant to starvation 
under expected thermal conditions. In a laboratory, it took 59 days at 7° C and 32 days at 
12° C for mortality of unfed fry to exceed 50% (Edsall et al. 2003). While the yolk sac of 
lake trout makes them intrinsically less susceptible to starvation, a subsequent reduced 
growth rate in fry could make them more vulnerable to predation (Edsall et al. 2003). 
In Lake Champlain, fry survey results from 2001 and 2002 indicate that deposited 
eggs are successfully incubated and hatched with a emergence percentage between 11 
and 18 % (Marsden et al. 2005). Fry densities in Lake Champlain have been the highest 
ever recorded. Mean fry CPUE from productive spawning sites in Lake Champlain are 
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equal to or higher than documented fry CPUE in areas of self sustaining populations in 
the Great Lakes (Ellrott and Marsden 2004; Marsden et al. 2005). There is very little 
known about lake trout fry predation and competition in Lake Champlain, and these 
ecological processes could be a bottleneck for the natural recruitment of lake trout. 
 
Early Mortality Syndrome 
A lake trout diet dominated by exotic alewife and rainbow smelt, which contain 
high levels of thiaminase, results in a significant reduction of thiamine levels in lake trout 
eggs (Fitzsimons and Brown 1998). A thiamine deficiency can cause early mortality 
syndrome (EMS) in lake trout larvae during swim-up to first feeding, in which there are 
catastrophic failures in respiratory and/or neurological functions (Fitzsimons et al. 1999). 
In Lake Michigan, reduced thiamine levels are likely to be a significant factor in 
inhibiting lake trout restoration (Madenjian et al. 2002). 
Exotic alewives were first documented in Lake Champlain in 2003 (Bernie 
Pientka, VTDFW, personal communication). It is unlikely that this very recent 
introduction of alewives has yet affected thiamine levels in lake trout, but the 
establishment of this exotic species could have profound negative effects on lake trout in 
the future. Rainbow smelt are the predominant forage fish for lake trout in Lake 
Champlain and their thiaminase levels are one half less than levels detected in alewives 
(J. Fitzsimons, Canada Centre for Inland Waters, personal communication as cited in 
Ellrott and Marsden 2004). Lake trout fry in Lake Champlain do not appear to be 
impacted by EMS; survival rate of naturally spawned lake trout fry held in a hatchery in 
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2001 was greater than 90% with no mortality attributed to EMS (D. Kelsey, VTDFW, 
personal communication as cited in Ellrott and Marsden 2004). Eggs taken from 19 lake 
trout from Lake Champlain had an average total thiamine level of 11 nmol/g and no total 




Fry swim-up mortality has been associated with various egg contaminants, 
including PCBs, pesticides, dioxins, furans, polynuclear aromatic hydrocarbons and trace 
metals which can cause neurological and physiological damage (Fitzsimons et al. 1995). 
Fitzsimons et al. (1995) concluded that, under laboratory conditions, swim-up mortality 
was the largest source of mortality for Lake Ontario lake trout eggs in 1990-1991. A 
review of contaminant studies argues that while toxic substances have the potential to 
impede lake trout restoration, more research in the field is needed to discover thresholds, 
develop the relationship between levels of containments and survival rates, and determine 
interactions among confounding factors (Zint et al. 1995). Madenjian et al. (2002) 
conclude that recent contaminant levels do not seriously impede lake trout reproduction 
in Lake Michigan. Contaminant levels in Lake Champlain are lower than those recently 
detected in Lake Michigan, and it would seem plausible to assume that contaminants are 
not a factor affecting the success of lake trout reproduction in Lake Champlain (R. 
Langdon, Vermont Department of Environmental Conservation, unpublished data as 




There is very little information available on the survival, diet, habitat, and life 
history of lake trout from the yearling stage to maturity in Lake Champlain or the Great 
Lakes. Because there are high sea lamprey wounding rates, high fry abundances and poor 
wild recruitment, it is possible that the sea lamprey are negatively impacting juvenile lake 
trout survival. However, in Lake Huron Swink (1991) observed lamprey preying on small 
lake trout less often than larger ones and concluded that it is rare for a lamprey to attack a 
lake trout smaller than 600mm. Of 26 juvenile lake trout collected in Lake Champlain by 
gillnet and trawls in fall 2005, 21 were 2+ years, less than 300 mm, and none had 
lamprey wounds. The other 5 lake trout were 3+ years, all greater than 300 mm, and two 
had lamprey wounds. All of these fish had fin clips indicating that they were stocked as 
yearlings. The wounded lake trout were much smaller than observed in host-size 
selection studies of lampreys in the Great Lakes (Swink 1991). Despite high wounding 
rates ranging between 30 and 100 wounds per fish in Lake Champlain (B. Chipman, 
VTDFW, personal communication), it appears that lamprey only prey on 3+ year old fish 
and thus do not directly affect the first two years of a juvenile lake trout’s life. High 
spawning stock densities from index gillnetting also suggest that lamprey are not 
significantly affecting juvenile survival of stocked yearlings.  
Lake trout prey on a very diverse range of organisms and are even known to be 
cannibalistic (Scott and Crossman 1973). The age group most affected by lake trout 
cannibalism is most likely the yearlings and not fry (Jones et al. 1995). It is possible that 
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large populations of adult hatchery-reared lake trout preying on naturally reproduced lake 
trout yearlings could suppress recruitment (Jones et al. 1995). A crucial stage in the lake 
trout’s life history is surviving to 35 – 47 centimeters when their diet changes to being 
primarily piscivorous on pelagic forage fish (Behnke 2002). Oppusum shrimp (Mysis 
relicta) and sculpins are both very important to the young lake trout’s diet during this 
vulnerable stage (Behnke 2002). It has been hypothesized that the decline in lake trout in 
the Lake Ontario is in part due to the disappearance of the deepwater sculpins 
(Myoxocephalus thompsoni) (Scott and Crossman 1973). Of the 169 one- and two-year-
old lake trout juveniles caught in Lake Superior, Mysis was found in 95% of their 
stomachs (Eschmeyer, 1956). Mysis are abundant in Lake Champlain, and they were 
found in three stomach dissections of yearling lake trout. Furthermore, sculpins and 
Mysis were very prevalent in trawls conducted over possible lake trout nursery grounds 
offshore of the Grand Isle spawning site (unpublished data).  
Competition for food or refuge may also be an important factor for juvenile lake 
trout survival. It is presumed that larger offshore reefs might provide more shelter and 
prey for vulnerable young lake trout as they move off into deeper water from their 
nursery grounds (Bronte et al. 1995).Vermont and New York management agencies stock 
Lake Champlain with brown trout (Salmo trutta), rainbow trout (Oncorhynchus mykiss), 
and landlocked salmon (Salmo salar) which could compete with lake trout yearlings. 
Inter-specific competition from yellow perch and whitefish, and intra-specific 
competition from previously stocked juvenile lake trout, has been significantly correlated 
with poor survival of stocked lake trout in six small lakes in Ontario (Gunn et al. 1987).  
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While there is an abundance of smelt in Lake Champlain that provide lake trout with a 
forage base, the cumulative effects of cannibalism, competition, potential changes in 
offshore habitat and benthic prey are largely unknown.  
 
Conclusion 
 Stocked lake trout yearlings are surviving to maturity and are aggregating in the fall 
at several spawning sites lake-wide that yield high egg densities. Subsequent high fry 
relative abundance in the spring, coupled with very poor recruitment into the adult 
populations, indicate that there is a recruitment bottleneck between the fry and yearling 
life stages (Ellrott and Marsden 2004; Marsden et al. 2005). No unclipped naturally 
spawned juvenile lake trout were captured in limited sampling efforts in 2000, 2001 and 
2005 in Lake Champlain, and state assessments have detected extremely low recruitment, 
predominantly ranging between 2% and 6%. There is very little information regarding to 
what extent predation, competition, and habitat requirements during the emergent fry to 
yearling periods are affecting lake trout recruitment. Thus, further research is needed to 
investigate predation on lake trout eggs, sac-fry and emergent fry in Lake Champlain 
(Ellrott and Marsden 2004). Research on other factors that may affect the survival of fry, 
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Lake trout (Salvelinus namaycush) restoration at shallow sites has yielded 
minimal success in the lower four Great Lakes, and current management efforts are 
examining the viability of offshore, deep-water reefs. Previous techniques developed for 
assessing egg deposition and fry relative abundance are not feasible on offshore, deep-
water reefs. In order to assess lake trout reproduction at these reefs, two new methods 
were designed and tested in Lake Champlain and then implemented in Lake Michigan. A 
deep-water egg trap was paired with egg bags to compare catches in the two types of gear 
at shallow sites in Lake Champlain.  There was a significant positive relationship 
between the rank of densities in the paired deep-water trap and egg bag (correlation 
coefficient = 0.514, p<0.0001) but there was no significant difference between the two 
methods. The failure rate was low (5.5%) in the shallow water deployments of the deep-
water trap compared to virtually zero for egg bags. Sculpins were captured in both types 
of gear, but traps excluded crayfish. In Lake Michigan, East Reef of the Mid-Lake Reef 
Complex had a significantly higher egg density than Sheboygan Reef (p<0.004). This is 
the first study to report lake trout egg density from a spawning reef deeper than 30 m. 
The egg densities within the Mid-Lake Reef Complex were above or comparable to egg 
densities at shallow sites in Lake Michigan. In Lake Champlain, a backpack powered 
“drop” electroshocker was designed and used in conjunction with emergent fry traps in 
an effort to benchmark fry electroshocking results from Lake Michigan, where a ROV 
was used to detect fry. Deep-water egg traps and remotely electroshocking fry will allow 
for the assessment of lake trout reproduction in deep-water habitats.   
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Introduction 
Extensive restoration efforts to establish self-sustaining lake trout Salvelinus 
namaycush populations in the lower four Great Lakes and Lake Champlain have, thus far, 
been met with limited success (Cornelius et al. 1995; Elrod et al. 1995; Eshenroder et al. 
1995; Holey et al. 1995; Reid et al. 2001; Ellrott and Marsden 2004). Despite widespread 
evidence of natural reproduction by stocked adults, there has been little measurable 
recruitment of wild lake trout (Krueger et al. 1995).  Several studies have estimated 
abundance thresholds for various stages in the lake trout life cycle that should be 
adequate for restoration ( Selgeby et al. 1995; Jones et al. 1995; Savino et al. 1999). 
Therefore, assessing lake trout egg density and fry abundance at sites lake-wide is 
imperative for understanding the reproductive success of stocked lake trout in the Great 
Lakes. 
 In the past, lake trout management and early life stage research have largely been 
focused on shallow, near-shore spawning sites (Marsden et al. 1995). However, there has 
been a shift in lake trout management to stocking deep-water genetic strains at offshore 
sites ( Eshenroder et al. 1999; Eshenroder and Krueger 2002; Bronte et al. 2007). These 
sites have fewer predators and anthropogenic influences and thus may have a better 
potential for lake trout restoration (Marsden et al. 1995; Eshenroder and Krueger 2002; 
Janssen et al. 2007). Several methods have been developed for passively collecting 
demersally spawned lake trout eggs, but are largely limited to use in shallow water (Peck 
1986; Horns et al. 1989; Marsden et al. 1991; Perkins and Krueger 1994). The method 
developed for quantifying egg density requires divers, also limiting the depth for its use 
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(Perkins and Krueger 1994). Similarly, emergent fry traps work well in shallow water 
where they can be checked frequently by divers or by lifting individually-buoyed traps, 
but are logistically difficult to use in deep water (> 15 m) (Marsden et al. 1988; 
Chotkowski et al. 2002). The purpose of this paper is to describe the development, 
testing, and implementation of methods to evaluate lake trout egg densities and fry 
relative abundance in deep water (> 15 m). Development of methods to quantify the 
reproduction of lake trout at deep-water and offshore sites has been identified as a 
research priority for lake trout restoration (Marsden et al. 1995; Janssen et al. 2007).   
 To evaluate lake trout egg density in deep water, a deep-water egg trap was 
designed with the following requirements: (1) deployable in a gang line without using 
divers, (2) functional on uneven substrates, (3) able to retain eggs during retrieval from 
deep water and (4) yields quantitative data. The primary improvements over previous 
surface-deployed egg collection devices (Horns et al. 1989; Marsden et al. 1991) was the 
stability of the traps (they remain upright during deployment), and ability to reliably 
collect and retain eggs on uneven substrates, so that egg densities could be estimated. In 
effect, we designed a deep-water egg bag that is deployed from the surface like an egg 
net (Perkins and Krueger 1994). To detect fry in deep-water habitats, a remote 
electroshocking method developed by Janssen et al. (2006) was refined for use in shallow 
as well as deep water; this precludes the need to deploy individually buoyed traps that 
require weekly monitoring. Preliminary trials were conducted to calibrate the method to 
acquire quantitative fry density data. 
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Both methods were evaluated in Lake Champlain, Vermont. Lake Champlain has 
several easily accessible, shallow lake trout spawning reefs with very high egg and fry 
densities that are ideal sites for testing the efficacy of new gear (Ellrott and Marsden 
2004).  Establishing the relationship between egg bags and new deep-water traps would 
allow managers to compare levels of lake trout reproduction on the Mid-Lake Reef 
Complex (MLRC) and other potentially productive deep reefs with selected sites in Lake 
Superior and Lake Huron that have sustained recruitment of wild lake trout (Hansen et al. 
1995; Reid et al. 2001).  Therefore, to compare deep-water egg collections with existing 
data from shallow reefs, we collected eggs in standard egg bags paired with the newly 
developed deep-water egg traps in Lake Champlain. Similarly, we tested the fry 
electroshocker at sites where we were concurrently checking fry traps. Currently, the fry 
electroshocking method is only qualitative, but it allows for determination of egg 
hatching success and fry survival. Egg bags, deep-water traps, and electroshocking can 
also be used for assessing the density and presence of egg/fry predators ( Jonas et al. 
2005; Janssen et al. 2006; Janssen et al. 2007).  
Both methods were implemented at the Mid-Lake Reef Complex (MLRC) in 
Lake Michigan, at depths between 40 and 60 m.  Gillnet surveys from 1999 to 2001 on 
the MLRC have documented a high relative abundance of mature lake trout aggregating 
during the spawning season (Bronte et al. 2007). Surveys conducted with a remotely 
operated vehicle (ROV) on the East Reef and Sheboygan Reef in 2003 and 2004 
documented lake trout reproduction but the density of egg deposition is unknown 




Study sites  – Field tests were conducted at the Grand Isle ferry breakwall and Arnold 
Bay in Lake Champlain, and East Reef and Sheboygan Reef on the MLRC in Lake 
Michigan. The sites at both Arnold Bay and Grand Isle are artificial structures 
constructed with sub-angular rubble and cobble (Ellrott and Marsden 2004). Arnold Bay 
is a small (189 m2) rip-rap pile, 1-7 m deep, with a slope of 60o, built over a water intake 
pipe (Ellrott and Marsden 2004). The substrate has an interstitial depth of 20 cm and 
ranges in size from 10-60 cm. The Grand Isle site is a breakwall; the area of bedding 
stone on which lake trout spawn is 570 m2, ranges in depth from 0.3-4.0 m, and has a 
slope of 35-60o. The substrate has an interstitial depth of 15-86 cm and a size range of 13-
99 cm (Ellrott and Marsden 2004).  
 East Reef and Sheboygan Reef are the two shallowest peaks on the MLRC, which 
has a total surface area of 2,859 km2; the two peaks are 40-60 m deep at their crests 
(Holey et al. 1995, Janssen et al. 2007). Although the total area of each reef has not been 
described, both reefs have clear contour breaks that provide the reef edges with adequate 
current to prevent the accumulation of silt that can suffocate eggs (Janssen et al. 2007). 
The substrate at Sheboygan Reef consists of rubble, cobble and boulders with interstitial 
depths up to 30 cm (Edsall and Kennedy 1995). The East Reef also has a diversity of 
substrate types including cobble, bedrock and boulders, with abundant interstitial spaces 
(Janssen et al. 2006).  
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Deep-water egg trap design – The new design mimicked an egg bag, which is a 45 cm 
deep bag constructed of 3 mm Ace mesh with a rigid circular opening, 32 cm in diameter, 
designed to be dug into spawning substrate and filled with cobbles (Perkins and Krueger 
1994). The frame of the deep-water trap was a 48 cm diameter hoop of 6 mm galvanized 
steel. The body of the trap was a 3 mm Ace mesh cylinder with a sleeve sewn around the 
top edge for inserting the steel frame. The bottom of the trap was cinched closed 40 cm 
below the frame using a cable tie, and the trap was filled with 5 liters of 5 cm plastic “Bio 
Barrels” (Aquatic Eco Systems) (Figure 1). The bio barrels were held inside the trap with 
a circular disc of 2 cm plastic (polyethylene) mesh, fastened to the top of the circular 
frame with cable ties. The fill (bio barrels) in the deep-water traps was designed not only 
to provide structure but also to entrain eggs and hinder egg consumption by predators that 
were able to penetrate the mesh. Weight and malleable structure was added to the trap 
with two rings of 8 mm, 30 proof coil chain (galvanized or zinc plated). The top ring of 
chain, approximately 150 cm long, was fastened with cable ties around the steel frame 
and the second ring, approximately 114 cm long, was attached 15 cm below the steel 
frame. Total weight of each trap was approximately 3.7 kg.  Total cost of material was 
approximately $ 15.00-20.00 per trap; construction time was estimated at 30-60min. 
Fry electroshocker designs – Two designs of fry electroshocker were constructed to meet 
the differing requirements of shallow and deep-water work. Both used an AbP II battery-
powered, pulsed-DC, backpack electroshocker as the power source. For shallow work in 
Lake Champlain, a “drop” electroshocker was constructed with a trapezoidal frame of 1.2 
cm PVC piping. The 33 x 33 cm upper frame was attached with four legs, 81 cm long, to 
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a 50 x 50 cm lower frame (Figure 2).  A remote video monitor (PC-81UW from 
Supercircuits with 400 lines of resolution, 3.6 mm lens, and 0.45 lux LED lighting) was 
suspended 30 cm from the upper frame to capture the entire lower frame in its field of 
view. The electrodes were led inside the legs, through holes drilled into the top and 
bottom of two of the legs; the holes also allowed air to escape from the frame, reducing 
buoyancy. A length of 30 mm proof coil chain was attached to the lower frame of the 
drop electroshocker and one of the wires, and acted as the anode. The cathode was a 20 
cm length of uninsulated wire wrapped around a nut suspended in the middle of the lower 
frame and held in place by a string spanning the lower frame (Figure 2). The 
electroshocker used in Lake Michigan was carried by a Benthos MiniRover MK IIS 
(Janssen et al. 2006). This remotely operated vehicle (ROV) was equipped a suction 
sampler with two collection chambers and a video monitor (Sony EV-C100 Hi-8) 
(Janssen et al. 2006). Two springs, extended 35 cm from the ROV served as the cathodes 
and were separated by 35 cm. The anode was a wire mounted on the suction nozzle, 
which was located between the cathodes.   
Field tests: egg traps – In Lake Champlain, 20 deep-water traps and 29 egg bags were 
deployed at Grand Isle on October 28 and collected on December 1, 2005. Fourteen of 
the deep-water traps were paired with a single egg bag. The remaining 6 traps were 
placed near two or more bags; for these traps, the average egg density from the adjacent 
egg bags were used for comparison data resulting in 20 paired treatments. Egg bags were 
buried approximately 2 m apart, and deep-water traps were set directly next to them by 
divers; all bags and traps were individually numbered with plastic or aluminum tags.   
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In 2006, 10 deep-water traps were paired with 10 egg bags at Arnold Bay on 
October 19, and retrieved on November 28. At Grand Isle, 25 deep-water traps were 
paired with 25 egg bags from October 5 to December 5. All traps were kept damp until 
they were processed in the lab, where predators, live eggs, dead eggs, and chorions were 
recorded.  
On October 18, 2006, 54 identical deep-water traps were deployed on the MLRC 
in Lake Michigan using the University of Wisconsin’s RV Neeskay. Two gang lines of 
13 traps each were placed on Sheboygan Reef and two gang lines of 14 traps each were 
placed on East Reef. The exact locations of deployment were based on aggregates of 
spawning lake trout located on the ship’s sonar and were adjacent to drop-offs and ridges 
within the reefs. The traps were equally spaced along 25 m of 10 mm crab line. To avoid 
setting the traps on top of each other, the gang line was stretched along the 23 m hull of 
the Neeskay and the anchors on either side were lowered in unison with winches. This 
method was previously tested in Lake Champlain by deploying eight traps on a stretched 
gang line in 6 m of water; a diver confirmed that all traps landed upright and well spaced 
apart.  The ROV was used to examine three of the four gang lines in Lake Michigan to 
determine whether any traps were upside down.  All of the traps were retrieved on 
November 14, 2006. For retrieval, a single winch was used to raise each gang line, 
beginning at one end.  
Statistical analysis: egg collections – A Wilcoxon sign rank test was used to test whether 
there was a significant difference between egg densities in deep-water traps and paired 
egg bags. A Spearman’s rho ranked correlation was used to test for a significant 
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relationship between the egg densities in deep-water trap and bags. A Mann-Whitney U 
test was used to determine whether there was a significant difference between the egg 
densities at Sheboygan and East reefs. All of the non-parametric tests were conducted 
using SPSS (version 15.0) software with significance levels set at α = 0.05 (SPSS Inc. 
2006). 
Field work: fry detection – Fry electroshocking was conducted on three days in the spring 
of 2006: May 5 at Arnold Bay, and May 2 and May 10 at Grand Isle. The electroshocker 
frame was lowered into contact with the substrate, and operated for 15-sec periods; after 
each sample, the frame was moved at least 0.5 m before the next sample. Fry that were 
startled or stunned (fry immobilized and/or inverted) were recorded while reviewing the 
tape. Electroshocking settings varied between 150-225 volts (but primarily set on 190 
volts) with a duty cycle of 45%; we alternated between slow (3 pulses/sec) and fast (70 
pulses/sec) pulse rate. Fry presence detected by electroshocking was compared to relative 
abundance from emergent fry traps (Marsden et al. 1988; Chotkowski et al. 2002). Fry 
emergent traps were checked on the same day that fry electroshocking, except for the 
May 2 shocking day when the fry traps were checked on April 30. Ten soft fry traps were 
deployed at Arnold Bay and 10 hard fry traps were deployed at Grand Isle on April 13; 
all traps were checked at least once per week before retrieval on June 5, 2006. 
 Fry electroshocking in Lake Michigan was conducted at Sheboygan Reef and East 
Reef in spring 2006. Electroshocking methodology was based on the successful dives in 
2003 and 2004 (Janssen et al. 2006). Specific locations for shocking were determined 
based on high catch-per unit effort from egg suction sampling. The ROV was brought 
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into contact with the substrate, and the electroshocker was again operated for short 
periods. Responsive fry were recorded on the ROV video. The ROV electroshocker was 
set at 160 volts with a 60 sec pulse rate and 20% duty cycle.    
 
Results 
Egg bags vs. deep-water traps – A total of 15,855 eggs were collected in deep-water 
traps in Lake Champlain. In 2005 at Grand Isle, two deep-water traps tipped over prior to 
retrieval; in 2006, one trap tipped over at Arnold Bay. One bag at Grand Isle contained 
over 1,400 eggs; as this was 10 times the average density in bags at that site, the trap was 
excluded from paired analysis. Therefore, a total of 51 paired traps and bags were 
included in the gear comparison.  
Egg densities in the traps and bags were highly variable (Figure 3.). There was no 
significant difference between the egg densities in deep-water traps (mean ± SE = 1,572 
± 266 eggs/m2) and paired egg bags (1,703 ± 199 eggs/m2; Figure 3). After achieving 
normality by removing four outliers, a paired t-test on the 51 pairings also did not reveal 
a significant difference, although the egg bags tended to capture more eggs than the deep-
water traps (Figure 3). On average, the egg bags captured 1.8 more eggs per square meter 
than the egg traps. There was a significant positive correlation between the ranks in the 
density of eggs in deep-water traps and bags (correlation coefficient = 0.514, p < 0.0001). 
At Grand Isle in 2005, a higher density of mottled sculpins (Cottus bairdi) was captured 
in egg bags than in deep-water traps (5.9 versus 1.5 sculpins/trap/m2) but in 2006, the 
densities between the two methods were similar (2.9 sculpins/trap/m2 in egg bags versus 
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2.4 sculpins/trap/m2 in deep-water traps). The plastic mesh covering the deep-water traps 
apparently excluded crayfish, as none were found in the traps but were caught in the egg 
bags.  
 A total of 430 lake trout eggs was collected in deep-water traps at the two sites in 
Lake Michigan. East Reef had significantly higher density of eggs in deep-water traps 
(mean± SE = 74 ± 28 eggs/m2) than Sheboygan Reef (7 ± 3 eggs/m2; p < 0.004). 
Seventeen of 26 deep-water traps at Sheboygan Reef were empty, but only 8 of the 28 
traps at East Reef were empty.  
 Fry electroshocking vs. fry traps  – In Lake Champlain, a total of 273 fry responded to 
the drop electroshocker in the three days of sampling (Table 1). There were no detectable 
differences in fry response among the different voltage and pulse rate settings. The CPUE 
(fry per sample), percent of samples with one or more fry observed, and coefficient of 
variation were very similar for the two sampling days at Grand Isle (Table 1). At Arnold 
Bay, there were fewer responsive fry, a higher proportion of samples yielded no fry, and 
the coefficient of variation was higher than at Grand Isle (Table 1). A total of 10 sculpins 
(five each day) were detected by electroshocking at Grand Isle and one smallmouth bass 
(Micropterus dolomieu) responded at Arnold Bay. The shocking results of fewer 
responsive fry at Arnold bay was corroborated with the fry relative abundance from 
emergent fry traps, which was higher at Grand Isle than Arnold Bay (mean=  4.69 
fry/trap/day versus 1.09 fry/trap/day).  Similarly, the electroshocking CPUE at Grand Isle 
was more than twice as high as fry per sample at Arnold Bay.  
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 The ROV detected the presence of fry at both Sheboygan and East Reef in Lake 
Michigan. In fall 2006, a total of 20 fry responded to 40 shocking events on the East 
Reef. There were fewer responsive fry detected on Sheboygan Reef.    
 
Discussion 
   Deep-water egg traps and electroshocking proved to be effective techniques for 
assessing reproduction of lake trout. Previous designs for collecting eggs, including the 
egg trap (Marsden et al. 1991) and egg net (Horns et al. 1989), do not always fish 
effectively due to dislodgment and/or sediment obstruction (up to a 40% failure rate; 
Schreiner et al. 1995). Only 3 out of 55 deep-water traps (5.5%), placed by divers at 
shallow sites (< 6 m) in Lake Champlain, were determined to be non-functional upon 
retrieval, likely as a consequence of surface-generated water movement. After trap 
deployment in Lake Michigan, it appeared from the ROV that all the deep-water traps 
landed right side up. From the results of our test deployment in Lake Champlain and the 
lack of wave energy below 40 m that might disturb traps, it is reasonable to assume that 
all the deep-water traps were fishing effectively. The plastic mesh covering the deep-
water trap appeared to exclude crayfish, but not sculpins. Modifications to the size of the 
screen mesh could be made to allow collection of crayfish.  
 Deep-water traps are easier to deploy, though more expensive to build, than egg 
bags. Deep-water traps can simply be lowered to the substrate while egg bags have to be 
actively placed by divers. Deep-water traps cost approximately $15-20 per trap versus 
$10.50 (estimated in 1992) for egg bags (Perkins and Krueger 1994).  If divers are 
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available, egg bags are preferable for quantifying lake trout egg deposition and predator 
density in shallow water (< 15 m) because of their stability in the substrate (Perkins and 
Krueger 1994; Jonas et al. 2005).  We conclude that the deep-water trap design is an 
effective, quantitative method for sampling lake trout egg and sculpin density in deep 
water. 
 The egg density estimates for Sheboygan and East reefs are the first quantitative 
density data for lake trout egg deposition on deep reefs (>30 m). The lack of lake trout 
recruitment on shallow reefs, and the shift to focusing restoration efforts on historically 
important deep-reefs, highlights the importance of being able to quantitatively compare 
egg density between the two habitats. While acknowledging the high variability in both 
the egg bags and traps, there is a positive correlation between the ranks of the egg 
collections in the two traps and no significant difference in egg densities, thus, the two 
types of gear can be compared directly to assess lake trout spawning. The density of eggs 
at East Reef was equivalent to egg densities observed at the LTB Crib site (average 78 
eggs/m2, range:32-154 eggs/m2), the most productive site in northern Lake Michigan, and 
the egg density at Sheboygan Reef is comparable to nine less productive sites (Jonas et al. 
2005; Marsden et al. 2005). The MLRC is a vast complex; as we have only sampled a 
very small percentage of the reef. It is possible that there are more productive areas that 
have yet to be discovered. The contention that egg densities at Sheboygan and East reefs 
are evidence of respectable levels of reproduction for Lake Michigan is supported by the 
relative abundance of spawners from 1999-2001; Sheboygan and East Reefs had the 
highest number of lake trout in index gillnets out of 44 sites (Bronte et al. 2007). The egg 
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densities at the MLRC are still well below the average egg densities ( > 250 eggs/m2) in 
Perry Sound, Lake Huron, which represents a relative benchmark for restoration (Jonas et 
al. 2005; Marsden et al. 2005).  
Remote electroshocking for the presence of fry proved to be a successful 
technique in shallow and deep habitats. In contrast to surface-deployed fry traps, which 
are impractical for use in deep water and sample very limited areas, electroshocking for 
fry is an efficient method for surveying larger or deep areas with immediate results, 
eliminating the laborious process of repeatedly checking emergent fry traps. Furthermore, 
emergent fry traps do not accurately quantify fry density, due to the lateral movement of 
fry in interstices (unpublished data). In Lake Champlain, the electroshocking CPUE (fry 
detected per 15-second sample) appeared to be highly dependent on whether the 
electroshocker landed on a localized high concentration of fry. This high variability 
necessitates taking many samples covering a large area. From very limited paired data, 
there does seem to be a direct relationship between the relative abundance from 
electroshocking (fry/sample) and emergent fry traps (fry/trap/day, Table 1).  
In Lake Michigan, the conjecture that Sheboygan Reef is less productive than 
East Reef was supported by the electroshocking results; there were fewer responsive fry 
at Sheboygan Reef. A standardized method for electroshocking fry needs be refined for 
quantifying fry on deep-water and shallow reefs. Future laboratory research should 
elucidate the relationship between fry in known area of substrate, area of the electrical 
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Table 1. Indices of effort, total numbers, relative abundance and variation of lake trout 
fry collected by electroshocking and emergent traps at two sites in Lake Champlain, 
2006.  N = number of 15-sec samples (electroshocking) or fry traps; CPUE = fry per 15-
sec sample (electroshocking) or fry/trap/day (fry traps); CV = coefficient of variation per 
15-sec sample (electroshocking) or per fry trap. 
 
        Electroshocking   ___Emergent fry traps  
    Total   % samples  Total 
Date  Site      N    fry CPUE CV with fry     N   fry CPUE CV 
5/2/06* Grand Is.     92   148 1.61 1.43 56.5     7   551 13.12 0.74 
5/5/06  Arnold Bay   44     31     0.70        2.13     34.1                          8         32          2.00      1.08    
5/10/06 Grand Is.      54     94     1.74       1.49      55.6                          8         290        7.25      0.89 




Figure 1. Schematic of deep-water egg trap. 
 
Figure 2. Schematic of drop electroshocker.  
 
Figure 3.  Relationship between paired lake trout egg densities in deep-water traps and egg bags at 




































































0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000














































Jacob W. Riley and J. Ellen Marsden 
Rubenstein School of Environment and Natural Resources  
University of Vermont 















 The rehabilitation of extirpated lake trout (Salvelinus namaycush) in the Great 
Lakes and Lake Champlain has been hindered by various biological and physiological 
impediments. Efforts to restore a lake trout fishery to Lake Champlain include stocking 
and sea lamprey control. Despite these management actions, there is little evidence of 
recruitment of naturally-produced fish in annual fall assessments. Spawning occurs at 
multiple sites lake-wide in Lake Champlain, with extremely high egg and fry densities, 
yet sampling for juvenile lake trout has only yielded fin-clipped fish. To investigate this 
recruitment bottleneck, we assessed the predation pressure by epi-benthic fish on 
emergent fry on two spawning reefs and the subsequent survival and dispersal of fry in 
potential nursery areas. Epi-benthic predators were sampled with 2-hour gillnet sets at 
two small, shallow sites in Lake Champlain throughout the 24-hour cycle, with an 
emphasis on dusk and dawn hours. Fry emergence was simultaneously monitored at each 
site using fry traps. In total, we documented seven different species consuming fry, with 
diverse consumption rates (1-17 fry/stomach). Rock bass and yellow perch dominated the 
potential and confirmed fry predator community assemblage in Lake Champlain. 
Predator presence and consumption of fry was highest between 7pm and 7am. Predators 
only consumed fry when fry relative abundance was above a threshold of 1 fry/trap/day. 
We used an otter trawl to sample for post-emergent fry adjacent to the reef, but did not 
capture any age-0 lake trout. Due to the observed predation pressure by multiple littoral, 
species on shallow spawning reefs, lake trout restoration may be more successful at deep, 




 There are ecological, economic, ethical, commercial and recreational reasons for 
restoring lake trout Salvelinus namaycush, the top native predator, to the Great Lakes and 
Lake Champlain. Although the causes behind the extirpation of lake trout from the lower 
four Great Lakes in the 1960s are understood, reasons for the decline and disappearance 
of the lake trout population in Lake Champlain by 1900 are unclear (Ellrott and Marsden 
2004). Thus far, efforts to re-establish self-sustaining populations of lake trout in the 
lower four Great Lakes and Lake Champlain, have resulted in limited success (Cornelius 
et al. 1995; Elrod et al. 1995; Eshenroder et al. 1995; Holey et al. 1995; Reid et al. 2001; 
Ellrott and Marsden 2004). Despite widespread evidence of natural reproduction by 
stocked adults, there has been very little measurable recruitment of wild lake trout 
(Krueger et al. 1995a). In Lake Champlain, high fry densities have been measured at 
several reefs, therefore a recruitment bottleneck most likely occurs between fry 
emergence and the yearling life stage (Ellrott and Marsden 2004; Marsden et al. 2005).  
 Three causes have been suggested for the decline of lake trout in Lake Champlain 
in the late 19th century: overharvest (Plosila and Anderson 1985), predation by rainbow 
smelt Osmerus mordax (Halnon 1963), and predation by sea lamprey Petromyzon 
marinus (Fisheries Technical Committee 1977). However, there was no commercial 
fishing operation in Lake Champlain and the subsistence harvesting conducted by seining 
is unlikely to have driven the population to extinction (Ellrott and Marsden 2004). 
Rainbow smelt are native to Lake Champlain, and recent genetic studies suggest that sea 
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lamprey may also be native to Lake Champlain indicating that native lake trout 
coevolved with these species (Byran et al. 2005; Waldman et al. 2006). 
 Another possible hypothesis for the decline is land use changes; over 40% of 
Vermont was deforested by 1900 (Foster and Aber 2004). This may have resulted in 
siltation that could have simultaneously improved sea lamprey spawning habitat in 
streams and degraded lake trout spawning habitat in the lake. Increased sea lamprey 
abundance coinciding with augmented sea lamprey spawning habitat from anthropogenic 
land use was also noted in Lake Ontario (Christie 1972; Jude and Leach 1999).  
To re-establish a self-sustaining lake trout population in Lake Champlain, 
restoration efforts have included stocking lake trout yearlings and sea lamprey control. 
Since 1973, annual stocking rates have fluctuated between 39,000 and 271,863 lake trout 
yearlings, but for the past 12 years has stabilized between 68,000 and 90,000 yearlings 
(Ellrott and Marsden 2004). Seven different lake trout strains were stocked prior to 1988, 
but since then only the Lake Champlain and Seneca Lake strains have been used; the 
former is a composite strain derived from feral fish that survived to maturity in the lake 
(Ellrott and Marsden 2004). Across the Great Lakes, the Seneca Lake strain has exhibited 
the most evidence of successful reproduction and higher survival rates, presumably 
because of behavioral differences that decrease sea lamprey predation (Marsden et al. 
1993; Schneider et al. 1996; Bronte et al. 2007) 
 Sea lamprey control program commenced experimentally in 1990, with the 
application of larval lampricides to 13 tributaries and 5 deltas of Lake Champlain; the 
long-term program began in 2001 (Marsden et al. 2003). Although the program has 
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resulted in decreased lake trout wounding rates, recent wounding rates have been 
alarmingly high, approaching 100 wounds/100 fish (VTDFW, unpublished data).  
 Despite high wounding from sea lamprey, the adult stock size of lake trout in 
Lake Champlain should be more than adequate for successful reproduction. After the 
experimental lamprey control period ended, lake trout survival was high (66 %) and 
repeat spawners greater than age 7 comprised between 19 and 47% of all lake trout 
sampled in fall assessments (Marsden et al. 2003). Based on isolated areas in the Great 
Lakes where there is measurable recruitment of wild lake trout, Selgeby et al. (1995) 
established a stock size criteria for restoration between 56 and 442 lake trout/km of an 
index gillnet. Based on those ranges, Bronte et al. (2007) set a target of 164 fish/km of 
net as minimum spawning stock size for restoration in Lake Michigan. The same index 
gillnets employed in the Great Lakes yielded relative abundances at two sites in Lake 
Champlain that exceeded these criteria for stock size necessary for recruitment. In the fall 
of 2006, two sets at Arnold Bay resulted in an average relative abundance of 258 fish/km 
and four sets at Grand Isle had an average stock size of 377 fish/km (Appendix A). By-
catch from lake whitefish Coregonus clupeaformis gill surveys recorded even higher lake 
trout spawner abundances at two additional sites in Lake Champlain (Appendix A).
 Populations of feral lake trout in Lake Champlain are reproducing at multiple sites 
lakewide, with high egg densities in the fall and high fry densities in the spring (Ellrott 
and Marsden 2004). Between 2001-2007, the egg and fry relative abundances at several 
sites in Lake Champlain were much higher than densities in Parry Sound, Lake Huron, 
where there is substantial recruitment and a local lake trout population has been restored 
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(Reid et al. 2001). Egg densities recorded in Lake Champlain have been well above the 
suggested threshold egg density of 500 eggs/m2 presumed to be necessary to withstand 
predation rates observed in the Great Lakes (Jones et al. 1995). Furthermore, the density 
of interstitial egg predators in Lake Champlain is less than in Lake Huron and the ratio of 
eggs to predators was six times that of Parry Sound (Jonas et al. 2005).  
 Despite high egg and fry abundances in Lake Champlain, there has been almost 
no recruitment of wild lake trout. In fall population assessments since 1982, the 
percentage of wild lake trout has never exceeded 10.6% and has predominantly been 
between 2% and 6%; the background level of missed clips is presumed to be around 4% 
(Ellrott and Marsden 2004). Targeted trawling and incidental catches of juvenile lake 
trout in 2001 and 2005-2007 yielded only 50 age-1 to age-3 lake trout, of which all were 
fin clipped, indicating that they were stocked (Ellrott and Marsden 2004, unpublished 
data).  
Given the high densities of lake trout adults, eggs, and fry, and the lack of 
recruitment, it is apparent that high mortality is occurring after fry emergence (Marsden 
et al. 2005). This mortality could be driven by an intrinsic mechanism (e.g., disease) or 
by extrinsic mechanisms such as starvation or predation.  In the Great Lakes, lake trout 
recruitment has been impacted by Early Mortality Syndrome (EMS) in emerging fry, 
related to a thiamine deficiency resulting from a diet of alewife Alosa psuedoharengus ( 
Fitzsimons and Brown 1998; Brown et al. 2005).  However, alewife were not present in 
Lake Champlain until 2003.  In the spring of 2001, 150 eggs were monitored until the 
absorption of their yolk sac with no signs of EMS and a 90% survival rate (Ellrott and 
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Marsden 2004). Eggs taken from 19 lake trout from Lake Champlain had an average total 
thiamine level of 11 nmol/g and no total thiamine levels were below the EMS threshold 
of 4 nmol/g (Dale Honeyfield, USGS, unpublished data). Houde (1987) concluded that 
predation is a more influential process than starvation in driving variable recruitment 
levels of different fish species. Laboratory studies on the behavior of lake trout fry have 
shown that they have a propensity to vertically migrate into the water column at night, 
thereby increasing their vulnerability to predation by epi-benthic predators (Krueger et al. 
1995; Baird and Krueger 2000).  
Very little is known about the fate of lake trout fry in the wild after they emerge 
from spawning substrate. The only field study on native predators of lake trout fry was 
conducted in 1979 by trawling adjacent to a lake trout spawning reef in Lake Superior 
(Stauffer and Wagner 1979). Although overall consumption of fry was considered to be 
minimal, Stauffer and Wagner (1979) documented fry predation by yellow perch Perca 
flavescens, sculpins (Cottus spp.), and burbot Lota lota and identified burbot as the major 
predator (0.2 fry/stomach) of lake trout fry. Based on population models for lake trout in 
the Great Lakes on near-shore reefs, fry predation between 4 and 8 fry/m2/day could 
significantly affect lake trout recruitment (Savino et al. 1999). In addition to predation by 
indigenous species, predation pressure from exotic alewives (Krueger et al. 1995) and 
smelt (Schneberger 1936, Hassinger & Close 1984) may contribute to the poor natural 
recruitment of wild lake trout. The effect of the overall fish community on the survival of 
lake trout fry has been identified by the Great Lakes Fishery Commission as a first order 
research priority for investigating restoration failures (Eshenroder et al. 1999). More 
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specifically, Savino et al. (1999) suggested that “future studies should provide 
simultaneous measures of interstitial and fry predator densities, predation rates, predator 
duration, and prey densities.” 
 The goal of this study was to determine whether predation is a potential cause for 
the lack of wild recruitment of lake trout in Lake Champlain. The specific objectives of 
this study were to (1) identify the community assemblage of fry predators on shallow 
spawning reefs, (2) document how fry predation and predator relative abundances varied 
diurnally and throughout the period of fry hatch, (3) examine relationships between 
abiotic and biotic variables that may effect fry predation, and (4) document the survival 
and dispersal rates of post-emergent lake trout fry off the spawning reef.  
 
Methods 
Study sites – Data on relative abundance of lake trout fry and potential fry predators were 
collected at Grand Isle and Arnold Bay in 2006, and solely at Grand Isle in 2007. Both of 
these sites were artificially constructed to protect a water intake pipe (Arnold Bay) and 
support a breakwall (Grand Isle). Arnold Bay is a small (189 m2), shallow (1-7m) reef, 
with a slope of 60o, located in southern Lake Champlain (Ellrott and Marsden 2004). The 
substrate is comprised of angular rubble and cobble ranging from 10-60cm with an 
interstitial depth of 20cm.  The Grand Isle breakwall site, located in northern Lake 
Champlain, has 570 m2 of spawning substrate at depths between 0.3-4m, with a slope 
between 35-60o (Ellrott and Marsden 2004).  The angular rubble and cobble substrate 
ranges in size between 13-99 cm, with an interstitial depth of 15-86 cm.  
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Fry abundance – Emergent fry traps were used to document the relative abundance of fry 
during the spring hatching period (Marsden et al. 1988; Chotkowski et al. 2002). In 2006, 
10 traps were deployed at both Arnold Bay and Grand Isle on Apr. 13. Traps were 
checked at least once a week, and were retrieved from Arnold Bay on May 31st and 
Grand Isle on June 5th.  In 2007, 15 traps were deployed only at Grand Isle and monitored 
between March 25 and June 5. The level of fry development, based on the degree of yolk 
sac absorption and absence/presence of parr marks, was noted each week. For this study, 
“fry” refers to the development stage immediately after hatching through yolk- sac 
absorption and “post-emergent fry” refer to fry that have dispersed from their natal reef 
and are feeding exogenously.  
Predator sampling – Potential fry predators were sampled using two different gillnets. A 
standard gillnet with a float line and lead line was fished vertically; the net had 4 panels, 
7.3 by 1.90 m, with 24 cm, 35 cm, 50 cm, and 164 cm stretch monofilament mesh. The 
second “blanket” gillnet had two lead lines and no float line and was laid over the 
substrate to capture demersal predators actively feeding between the interstitial spaces 
within the reef. The blanket gillnet had five panels, 7.3 by 1.9 meters, of 38 cm, 50 cm, 
76 cm, 113 cm, 150 cm stretch monofilament mesh.  Each “set” used one of each net 
type. 
 In 2006, gillnets were set for approximately two hours (to minimize digestion of 
fry) once per week, on the day fry traps were checked. The gillnets were set 1hr before 
sunset and lifted 1 hr after sunset, with a few exceptions. Of the eight sets conducted at 
Arnold Bay between April 20th and May 31st 2006, two sets were fished overnight and 
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one set was fished from 1 hr before sunrise to 1 hr after sunrise. Of the eight sets at Grand 
Isle between April 24 and June 5, the first set was overnight and one set was fished from 
1 hr before sunrise to 1 hr after sunrise.  Fish were immediately preserved on dry ice to 
reduce further digestion of stomach contents.  
In 2007, predators were only sampled at Grand Isle. In order to sample all 24 
hours with at least two or more replicates each hour, a systematic schedule was 
implemented that focused sampling during the crepuscular hours, with at least one set 
during dusk and dawn in each week. Using the same gillnets described above, 46 2-hr 
gillnet sets were conducted between April 2 and June 8. Over the 10 week period, there 
was an average of four 2-hr gillnet sets per week. Each captured fish was identified, 
weighed and measured (nearest mm TL) in the laboratory. All stomach contents were 
individually weighed and identified to order.  
 For this study, potential predators referred to any fish caught in gillnets, 
confirmed predators refers to fish that consumed fry, and the frequency of fry predation 
occurrence is equivalent the percentage of confirmed predators that consumed one or 
more fry. 
Post-emergent fry sampling – Following the methods of Bronte et al. (1995) for capturing 
post-emergent fry on their nursery ground, we used a 5 m otter trawl with a 6 mm cod 
end lining. In 2006, we trawled along and across contour adjacent to the Arnold Bay and 
Grand Isle spawning sites up to 60 m depth. We sampled for 428 min of bottom time on 5 
days between May 30 and July 6 at Grand Isle, and 268 min of bottom time on four days 
between June 13 and July 19 at Arnold Bay. In 2007, we sampled for 433 min of bottom 
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time in three days between June 11 and June 29, up to 20 meters adjacent to the Grand 
Isle Breakwall. On July 24, we trawled for 162 minutes of bottom time down to 80 m in a 
deep trench south of the Grand Isle breakwall. All fish caught were counted, with a 
subset measured for total length. Captured lake trout were examined for fin clips.  
Statistical analysis – All statistical analyses were conducted in SPSS (version 15.0) 
software with significance levels set at α = 0.05 (SPSS Inc. 2006). A Pearson’s 
correlation was used to determine whether there was a significant linear relationship 
between several abiotic and biotic variables. To establish whether there was a 
aggregational numeric response of predators, we tested the relationship of predator 
abundance, fry abundance, temperature, and days elapsed since the first fry was caught. 
To establish whether there were significant changes in predation patterns related to 
changes in fry abundance, we tested the relationship between fry abundance, 
consumption rates, and the frequency of fry predation occurrence. However, limitations 
of the data suggest that statistically significant relationships should be interpreted with 
caution. Fry abundance data were limited to one estimate per week. In an effort to sample 
all 24 hours over the season, we were not able to sample the same hours each week. The 
sampling design did not allow for sufficient replicates between 7 pm and 7 am to 
determine whether there was a period when predator presence or fry consumption were 
concentrated within the nocturnal period. In addition, only a small proportion of the total 




Community assemblage – A total of 1,179 potential predators were caught and dissected. 
In 2006, 311 fish of eight different species were gillnetted at Arnold Bay, and 323 fish of 
11 species were caught at Grand Isle (Figure 1). Increased gillnetting efforts at Grand Isle 
in 2007 captured 545 fish of 17 species (Figure 1). The total catch was dominated by 
yellow perch and rock bass which comprised 89 % of the total catch in 2006 and 87% of 
the total catch in 2007 at Grand Isle.  
 Seven species were documented to be lake trout fry predators in Lake Champlain 
(Figure 1). At Arnold Bay in 2006, three species (yellow perch, rock bass, and white 
perch) consumed a total of five fry. An additional smallmouth bass was incidentally 
caught while electrofishing on the reef and two fry were found in its stomach. At Grand 
Isle, 35 predators (6.5 % of total catch) contained a total of 96 fry in 2007 and 17 
predators (5.3 % of total catch) contained a total of 63 fry in 2006. The common 
predators in both years were yellow perch, rock bass and burbot; in addition, two rainbow 
trout contained a total of eight fry in 2006 and one whitefish consumed 10 fry in 2007. 
The three most common predator species exhibited diverse consumption patterns (Figure 
2). A single rock bass consumed 8 fry but 68% of the 31 rock bass that consumed fry had 
only one fry in their stomach. In contrast, all five burbot that ate fry had more than one 
fry in their stomach (average 7 fry/stomach; Figure 2). There was no clear consumption 
trend by yellow perch; a single yellow perch contained 17 fry, but 54% of the 13  yellow 
perch that ate fry only consumed 1 fry (Figure 2).   
 Gape size was likely not a limiting factor in fry predation for rock bass and 
yellow perch at Grand Isle, 2006-2007. The smallest confirmed predator was 128 mm for 
 54
rock bass and 151 mm for yellow perch. These individuals had a lower total length than 
87% of the yellow perch total catch and 89 % of the rock bass total catch. The onset of 
piscivory for these two species can occur when they are both as small as 100 mm 
(Mittelbach and Persson 1998). Only 12 out of 745 rock bass and yellow perch caught in 
2006 and 2007 were smaller than the lower limit for piscivory by rock bass and yellow 
perch, as reviewed by Mittlelbach and Persson (1998).  
Temporal trends  – In 2007 at Grand Isle, predator presence and fry consumption were 
heavily concentrated between dusk and dawn (Figure 3). The average potential predator 
CPUE at Grand Isle was 9.6 fish/hr for gillnet sets between 7 pm and 7 am (N = 29 sets) 
versus 0.47 fish/hr during daytime hours (N = 17 sets). Fry consumption only occurred 
between 7 pm and 7 am (Figure 3). We caught confirmed predators in 2-hr gillnets 
centered on every hour from 7 pm to 7 am except 2 am and 3 am. This gap is likely due 
to the fact that those hours were sampled early in the season when fry abundance was 
very low, and we assume that fry are being consumed through out the night. However, 
ten of the 35 confirmed predators in 2007 were caught during two gillnet sets from 4-6 
am. In 2006 at Grand Isle, six of 17 confirmed predators were caught in the one dawn 
gillnet set from 5-7am.  
All three data sets of fry relative abundance (Grand Isle 2006 and 2007 and 
Arnold Bay 2006) indicated that fry hatched over approximately a 30-60 day period 
(Figure 4). Their distribution approximately took the form of a standard curve with the 
peak fry relative abundance falling approximately in the middle of the 30-60 day period 
(Figure 4). As the spring season progressed, predator abundance increased with fry 
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abundance. In 2006 at Grand Isle, our second week sampling for predators coincided with 
the peak in fry relative abundance; thus, there were only two data sets sufficient for 
determining the relationship between fry and predator CPUE.  For the other two data sets 
there was a significant linear relationship between fry relative abundance and weekly 
predator relative abundance, up to the peak in fry abundance (Arnold Bay 2006: 
R2=0.975, p<0.002, N=5 ; Grand Isle 2007: R2 = 0.717,  p<0.033, N = 6). Predator 
relative abundances were derived from the average CPUE of the sets between 7 pm and 7 
am conducted during the respective week. It should be noted that at Arnold Bay, days 
elapsed since the first fry was collected was also a significant linear predictor of weekly 
predators CPUE up until the peak of fry collections (R2 = 0.842, p<0.028, N=5). At 
Grand Isle 2007, the predator CPUE before the peak in fry abundance was also 
significantly linearly correlated to weekly average surface temperature (R2=0.78, p<0.02, 
N=5), but was not correlated with days elapsed since the first fry was collected.  
Seasonal changes in lake temperature influenced predator abundance (Figure 5). 
The mean daily temperature at the King St. ferry dock, Burlington, VT 
(http://waterdata.usgs.gov/nwis) provided a standardized gauge for relative lake 
temperature. Lake temperatures and predator abundances were, on average, higher in 
2006 than 2007 (Figure 5). At Arnold Bay 2006 and Grand Isle 2007, predator abundance 
across the season was significantly linearly correlated with lake temperature at the King 
St. ferry dock (Arnold Bay 2006: R2=0.571, p<0.044, N=8 ; Grand Isle 2007: R2=0.193, 
p<0.022 , N=27) and days elapsed since the first fry were collected (Arnold Bay 2006: 
R2=0.522, p<0.043, N=8; Grand Isle 2007: R2=0.210, p<0.016, N=27) from April 1 to 
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June 10. The drastic fluctuations in the predator abundance at Grand Isle in 2006 most 
likely prevented a significant linear correlation with the rising lake temperature (Figure 
5). Sudden decreases in predator abundances at Grand Isle 2006 and 2007 and Arnold 
Bay 2006 approximately coincided with decreasing lake temperatures (Figure 5) 
 The seasonal variation in fry relative abundance did not affect the frequency of 
fry predation occurrence and consumption rates, but did determine when predators began 
and discontinued consuming fry. The proportion of the total catch represented by rock 
bass and yellow perch did not change over the season. There was no relationship between 
the percentage of predators who consumed fry and the relative abundance of fry during 
the 13 weeks when fry were consumed. There was also no significant relationship 
between fry relative abundance and the number of fry consumed per predator. Of the 57 
confirmed predators, the highest consumption in three of the top four cases (17, 14 and 
11 fry/stomach) occurred when the fry relative abundance was just above 1 fry/trap/day. 
No fry were consumed when fry abundance was below 1 fry/trap/day (Figure 4). 
However, fry were consumed in 13 out of the 14 weeks when fry relative abundance was 
above 1 fry/trap/day (Figure 4).  
Survival and dispersion of post-emergent fry – No lake trout fry were caught while 
trawling in nursery grounds adjacent to Arnold Bay and Grand Isle in 2006 and 2007. 
Eight juvenile (2 or 3 year old) lake trout were caught at Grand Isle, but they were all 
stocked (as denoted by a fin clip). Fourteen additional species ranging in size from 17 
mm to 343 mm were caught while trawling (Appendix B). The sizes of the fish we caught 
overlapped with the size of 0+ lake trout and the species composition, which included 
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benthic fishes such as sculpins and darters, indicated that we were sampling in probable 
lake trout 0+ nursery areas.   
 
Discussion 
Our data show that emergent lake trout fry are vulnerable to nocturnal predation 
by multiple epi-benthic littoral predators at two near-shore, shallow spawning reefs in 
Lake Champlain. The results from this study confirm the observation of Krueger et al. 
(1995) and Baird and Krueger (2002) that the behavior of lake trout fry makes them more 
vulnerable to epi-benthic predation at night, as we only noted nocturnal consumption. We 
collected five species (rock bass, smallmouth bass, lake whitefish, white perch and 
rainbow trout) that have not previously been documented as predators of lake trout fry 
(reviewed by Jones et al. 1995). White perch is exotic to Lake Champlain, as is the 
stocked rainbow trout. Rock bass and yellow perch were the most common predators and 
were the dominant species in the littoral community assemblage. Given both their high 
population abundance and ability to consume large numbers of fry, rock bass and yellow 
perch are likely the two species having the most impact on fry survival in Lake 
Champlain. Although we had a low total catch of other confirmed predators, rainbow 
trout, burbot, and whitefish all exhibited a higher number of fry per stomach than 
previously recorded for other species, including smelt (Schneberger 1936; Hassinger and 
Close 1984), alewife (Krueger et al. 1995b), sculpins, yellow perch, and burbot (Stauffer 
and Wagner 1979). The observed 5% frequency of fry predation occurrence is similar to 
results in other studies; 3-6% by sculpin and 9.6% by alewives (Savino 1999; Krueger 
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1995b). The sampling gear used in this study did not target interstitial fry predators and it 
is likely that there is additional predation pressure by sculpins in Lake Champlain 
(Stauffer and Wagner 1979; Savino and Henry 1991). 
The survival and recruitment of lake trout after stocking has been negatively 
correlated with the presence of warm-water species, particularly yellow perch (Gunn et 
al. 1987; Evans and Olver 1995). Self-sustaining lake trout populations do coexist with 
littoral species; however, generally lake trout first colonized habitats and establish 
populations in the absence of late successional species (Evans and Olver 1995). The 
results from this study suggest that predation could be a mechanism impeding restoration 
in lakes where there has been a net gain in species or simply an anthropogenic reversal in 
the order of colonization by different fish species. As early colonizers on the top of the 
food chain, lake trout were presumably able to maintain an ecological balance through 
predation over nascent populations of emigrating or introduced warm-water species. Lake 
Superior has fewer invasive species and a lower species richness than the lower four 
Great Lakes and, perhaps coincidently, it is the only Great Lake with successful lake-
wide lake trout restoration (Hansen et al. 1995; Eshenroder et al. 1999). It is of interest 
that lake trout, as an invasive species, are easily able to successfully colonize oligotrophic 
lakes (e.g., Yellowstone Lake; Ruzycki et al. 2003) with depauperate species abundance.  
There was evidence of a minimum threshold in fry abundance at which predators 
consumed fry.  Fry were only preyed upon when their relative abundance was above one 
fry/trap/day.  In Parry Sound, fry relative abundance has never exceeded this threshold 
and there is recruitment of fry.  Thus, there may be a density-dependence effect on fry, 
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perhaps based on competitive exclusion from protective interstitial spaces that occurs at 
approximately one fry/trap/day and triggers predation. Alternatively, or in addition, there 
may be an optimal foraging effect in which it is only advantageous for the predators to 
prey on fry when their densities are above this threshold. At fry relative abundances 
above one fry/trap/day there was no specific functional response exhibited in confirmed 
predator consumption rates.   
Although there was a significant linear aggregational response of potential 
predator populations to increasing fry relative abundance, temperature and days elapsed 
since the first fry were collected were also correlated with predator abundance. Increasing 
temperatures increase fish inshore movements in spring and temperature appears to be the 
most influential factor driving predator abundances in Lake Champlain. In 2006, more 
predators were present at two littoral sites, when on average temperatures were higher, 
than in 2007. Conversely, decreasing predator abundances tended to coincide with 
decreases in temperature during the spring in 2006 and 2007 (Figure 5). While predators 
are directly affected by spring temperatures, the timing of lake trout fry emergence is 
influenced by temperatures in the fall and winter, which affect the timing of egg 
deposition and rate of embryonic development. A late fall, coupled with a cold winter and 
rapid warming from an early spring, could coincide the peak of fry emergence with 
increased predator presence and exacerbate the impact of predation on fry survival.  
Given the relatively high fry abundances in Lake Champlain and the low 
frequency of fry predation occurrence, it is surprising that not a single 0+ lake trout was 
found while trawling adjacent to the spawning reefs. We used the same methods that 
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successfully captured 0+ lake trout in Lake Superior and the trawling by-catch indicated 
that we were correctly targeting potential nursery grounds (Bronte et al. 1995). It is 
unlikely that competition for food is a factor in the absence of juveniles; laboratory 
experiments indicate that lake trout fry are intrinsically resistant to starvation, making 
them more likely vulnerable to predation (Edsall et al. 2003). Furthermore, Mysis relicta, 
an important food source for lake trout young, is abundant in the nursery area adjacent to 
Grand Isle. Regardless of whether predation is the “smoking gun” behind the lack of lake 
trout recruitment in Lake Champlain, results from this study have narrowed the scope of 
the recruitment bottleneck to the post-emergent fry stage. 
Although predation is most likely not the sole cause of the recruitment bottleneck 
in Lake Champlain, its effect is augmented by the location of spawning reefs in shallow 
habitats that have a high abundance and diversity of littoral predators. In addition, fry 
predation in Lake Champlain is likely to soon be affected by the recent introduction of 
alewives in 2003 (Bernie Pientka, VTDFW, personal communication). In other bodies of 
water that have lower densities of eggs and fry, the levels of fry predation observed in 
Lake Champlain would have a more severe impact. A reduction in the quantity and 
diversity of alternative food sources and an increase in the temporal and spatial overlap 
of fry and their predators could also exacerbate the effect of predation on fry survival. 
Stocked lake trout are attracted to spawning on shallow reefs, perhaps due to the 
unintended imprinting of hatchery rearing conditions (Marsden et al. 1995, Gunn 1995). 
Predation by littoral epi-benthic species in Lake Champlain illustrates why onshore, 
shallow sites may be detrimental for fry survival. In addition to increased density and 
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species richness of predators, these sites are exposed to zebra mussels, high wave 
currents, and anthropogenic influences on water quality that negatively affect egg and fry 
survival (Marsden et al. 1995; Marsden and Chotkowski 2001; Janssen et al. 2007). 
Consequently, lake trout restoration may be more successful if focused on deep/offshore 
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Figure 1. Total catch of each species caught in gillnets at Grand Isle 2006 and 2007, and 
Arnold Bay 2006, during predator sampling. Asterisks above the bars indicate species 
that were confirmed fry predators in the respective data sets.  
 
Figure 2. Numbers of lake trout fry consumed by individual rock bass (N=31), yellow 
perch (N=13), and burbot (N=5). 
 
Figure 3. Catch per unit effort (fish/hour) for potential and confirmed predators caught in 
two gillnets at Grand Isle, 2007. The value for each hour represents the middle of a 2-hr 
set and the average CPUE from April 2 – June 8, 2007.  
 
Figure 4. Weekly predator CPUE (fish/hr) and fry relative abundance (fry/trap/day) for 
Arnold Bay 2006, and Grand Isle 2006 and 2007. The predator CPUE (bars) was the 
average of each gillnet set between 7 pm and 7 am during that week. Asterisks above the 
bars indicate that fry were consumed by predators during that week. The fry relative 
abundance (line) was recorded once a week. The horizontal dashed line denotes the 
threshold of fry relative abundance at 1 fry/trap/day. 
 
Figure 5. Relationship between mean daily temperature at the King St. ferry dock, Lake 
Champlain, from April 1 – June 10 and predator abundances at Grand Isle (GI) and 
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Abstract 
Predation on lake trout early life stages has been suggested as a biological 
mechanism responsible for the recruitment bottleneck in the Great Lakes and Lake 
Champlain. Fry predation has been documented by several species in the Great Lakes and 
Lake Champlain but the overall impact of fry predation on 0+ lake trout survival is 
unknown. To assess whether it is possible for an assemblage of epi-benthic predators to 
eliminate a local population of fry, we developed a model based on observed species 
ratios and their consumption probabilities for one study site in Lake Champlain. Predator 
abundance was the most influential parameter for fry consumption. One configuration of 
the model was based on extrapolating observed predator abundances across a simulated 
35 nights of predation activity. Another model iteration started with an estimate of fry 
density and worked backwards to see what predator abundances would be required for 
targeted levels of fry survival. A third iteration was based on the relationship between 
predator abundances and lake temperature; 25% more fry were consumed with a five 
degree (oC) increase in temperature. The consumption model revealed that predator 
abundances would have to be sustained at improbably high abundance to have a 
significant impact (> 25%) on fry survival at the Grand Isle breakwall, Lake Champlain.  
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Introduction 
 Lake trout restoration efforts in Lake Champlain and the Great Lakes have 
resulted in natural reproduction by stocked fish at several sites, but very little evidence of 
the recruitment of wild lake trout (Krueger et al. 1995a). Biological interactions in the 
early life stages of lake trout have been suggested as a contributing factor in the absence 
of wild lake trout juveniles (Eshenroder et al. 1999). Models that incorporate egg and fry 
predation predict that, in areas with low egg densities, predation on early life stages could 
cause significant mortality (Jones et al. 1995; Savino et al. 1999). The high egg densities 
observed at three sites in Lake Champlain grossly exceed estimated threshold levels 
necessary to withstand predation by egg predators (Jones et al. 1995; Marsden et al. 2005; 
Savino et al. 1999; Ellrott and Marsden 2004). The egg-to-predator density ratio observed 
in Lake Champlain were 114 times greater than the ratio observed at sites in Lake 
Michigan and 6 times greater than ratios in Lake Huron, where there is evidence of wild 
recruitment (Reid et al. 2001; Jonas et al. 2005). Furthermore, high fry abundances at two 
sites in Lake Champlain also indicate that lake trout egg densities are sufficient to 
counteract egg predation (Ellrott and Marsden 2004; Marsden et al. 2005). The absence 
of measurable sustained recruitment motivated investigations of factors that affect fry 
survival. The assemblage of lake trout fry predators and seasonal changes in predation 
patterns at two study sites in Lake Champlain were assessed by Riley (2007). The 
objective of this paper was to develop a consumption model to determine whether it is 
plausible for an assemblage of epi-benthic fry predators to eliminate a local population of 
lake trout fry at the high egg densities seen in Lake Champlain. 
 75
 The overall impact of fry predation on a lake trout fry population is not well 
understood. Savino et al. (1999) concluded that fry predation only accounts for 0-12% of 
total predation on early life stages and has less effect on overall lake trout survival than 
epi-benthic and interstitial egg predation. Krueger (1995b) documented 10 lake trout fry 
in 62 alewives (0.16 fry/stomach) but concluded that where alewives were in high 
abundance, their predation could explain the failure of natural recruitment. In Lake 
Superior, a higher predation level of 0.2 fry/stomach was documented in burbot, but 
Stauffer and Wagner (1979) declared that “predation on fry was practically nil”. Given 
these inconsistencies, a consumption model is a useful tool to assess the potential severity 
of epi-benthic fry predation in Lake Champlain. 
 
Methods 
Parameters – Previous models of fry predation were not based on observed abundances 
and predation patterns of specific predators, but utilized hypothetical levels of fry 
consumed in a certain area relative to various levels of egg density (Jones et al. 1995; 
Savino et al. 1999). The models presented in this paper are based on the observed 
predator relative abundances and consumption probabilities. Lake trout fry and predators 
were collected in spring 2006 and 2007 at the Grand Isle ferry dock breakwall, Lake 
Champlain; details of the methods and collections are given in Riley (2007). Total 
catches for both years were combined to derive a ratio of species caught in gillnets. The 
model does not incorporate interstitial predation of fry; the sampling gear used was 
designed to target epi-benthic predators. Lake temperatures for spring 2006 and 2007 
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were taken from data collected at the King St. ferry dock in Burlington, Vermont 
(http://waterdata.usgs.gov/nwis). Consumption probabilities were derived from all 
species of confirmed predators in 2006 and 2007. Based on a minimum criteria of fry 
abundance for predation (Riley 2007), the model estimated consumption over a 35 day 
period. The first input parameter was the total population of predators which was 
transformed into the observed predator ratios at Grand Isle. Each species in the simulated 
predator population was multiplied by the observed probability of that species consuming 
between 0 and 17 fry. Methods for estimating the total predator population varied in the 
three configurations of the model.  
The total fry consumed by all species for each 35 day simulation was compared to 
the estimated number fry on the reef, using egg density data and the fry hatching rate 
from Marsden et al. (2005). The number of fry on the reef was estimated by multiplying 
the average number of eggs per square meter from egg bags by the entire area of the reef 
and then multiplying by the average percentage of hatching success at Grand Isle (16%; 
Marsden et al. 2005). This estimate of hatching success inherently incorporates mortality 
from epi-benthic and interstitial egg predation. The gillnets used to sample predators 
covered approximately 124 m2 or 21% of the entire Grand Isle breakwall substrate 
available to spawning lake trout. The egg densities at the Grand Isle site were very 
similar in 2005 and 2006; thus, the estimated total fry population in the area sampled by 
the gillnets was 38,169 fry in 2005 and 36,476 fry in 2006.   
 Assumptions  – Several model assumptions were based on empirical data. Our data 
indicate that predator species composition and consumption probabilities were consistent 
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during the period of fry predation. The proportion of the total catch represented by rock 
bass and yellow perch was very similar between the two years; 89% in 2006 and 87% in 
2007. Within the sampling years, the proportion of the total catch represented by rock 
bass and yellow perch did not vary with changes in fry relative abundance. There was no 
functional predation response exhibited by predators with increasing fry abundance 
(Riley 2007). The model assumes that fry are only vulnerable to predation for 12 hrs 
between 7pm and 7am (Riley 2007). Based on the threshold of fry abundance triggering 
the onset and conclusion of seasonal fry predation (1 fry/trap/day), the model assumes 
that the fry are only vulnerable to predation when fry abundance is above 1 fry/trap/day 
(Riley 2007). In 2007, fry abundance exceeded this threshold for at a minimum of 35 
nights. In 2006, we deployed fry traps late, and our first fry CPUE was 3.3 fry/trap/day. 
Fry abundance was above the threshold for at least 27 days in 2006; therefore we used 35 
days above 1/fry/trap/day as the duration of fry predation in the model (Riley, 2007). 
Additional assumptions were based on inferences from the available data.  We did 
not have enough replicates at each hour to determine whether there was a difference in 
the potential predator CPUE between and 7pm and 7am, thus the model assumes that the 
abundance of predators per hour was homogenous throughout each night (Riley 2007). 
The consumption probabilities of each species observed from the 2-hr gillnet samples are 
assumed to represent consumption for the entire night.  The model assumes that the fry 
consumed by captured predators were consumed in the area surveyed by the gillnets.  
Empirical model – The first model configuration was based on the average observed 
predator abundances (fish/hr) from two-hour gillnet sets at Grand Isle in 2006 and 2007.  
 78
In 2007, there were 19 nocturnal gillnet sets when fry abundance was greater than 1 
fry/trap/day. This model used the empirical predator abundance data for 13 of the 
simulated 35 nights of fry predation. For nights in which there was more than one two-
hour set, the average predator/hour was used for that night. To fill in the missing predator 
abundances between sampling nights (N=22), predator abundances were estimated using 
a weighted average of the empirical predator abundances before and following the 
missing nights. The number of predators collected or calculated per hour on each of the 
35 nights was multiplied by 12 to determine the total population of predators for that 
night. 
Backdoor model – This iteration of the model started with the estimation of fry and 
worked backwards to estimate the predator abundances that would be necessary to 
consume a target percentage (10, 25, or 50%) of the available population of fry in the 
surveyed area. The estimate of available fry was the average fry density across the entire 
reef in 2006 and 2007. This model also assumed that the predator abundance was stable 
over all 12 hours in each of the 35 simulated nights with the same number of fry 
consumed each night. 
Temperature model – The mean daily 2006 and 2007 temperature at the King St. ferry 
dock from April 1st through June 10th was smoothed into a linear equation. In 2007, 
predator abundance at Grand Isle across the season was significantly linearly correlated 
with lake temperature at the King St. ferry dock (R2=0.193, p<0.022 , N=27).  The 
equations for both of these distributions were used in this model to illustrate how a 5o C 
difference in temperature would affect fry consumption. Fry abundance exceeded 1 
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fry/trap/day at 5° C in 2006 and 4° C in 2007. Thirty-five nights of predation were 
simulated beginning at 5° C and at 10° C. This model assumed that increasing 
temperatures only influenced predator abundances and did not affect species ratios or 
consumption probabilities (Riley 2007). 
 
Results 
Empirical model – In 2006, there were four two-hour sets when the fry abundance was 
over 1 fry/trap/day. The average predator abundance for those four sets was 25.9 fish/hr. 
Using the average 2006 predator abundance for all 12 hours of each of 35 simulated 
nights, 2,275 fry were consumed by the projected predator population. This represents 
6% of the estimated fry population in 2006 in the gillnet surveyed area. For 2007, the 
average predator abundance was 10.3 fish/hr for the simulated 35 nights which, as 
expected, was very similar to the actual average fish/hr (10.5 fish/hr, N=19) for sets 
between 7pm -7am when the fry/trap/day was greater than one. In 35 simulated nights at 
the average predator abundances in 2007, 914 fry were consumed by the projected 
predator population. This represents 2.5% of the estimated fry population in 2007 in the 
gillnet surveyed area.  
Backdoor model – To consume 10, 25, and 50% of the available fry population the 
predator abundance would have to be 42.6 fish/hr, 106.5 fish/hr, and 213.0 fish/hr in the 
gillnets. The peak catches in the field were 54.0 fish/hr in 2006 and 23.4 fish/hr in 2007 
(Riley 2007). 
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Temperature model – Based on the temperature and predator distributions, 25% more fry 
(N=223) were consumed simulating 35 nights of predation at an elevated temperature of 
10o C versus 5o C.  
 
Discussion 
 The results from the model indicate that predator abundances would have to be 
unrealistically high to have a significant impact on total fry survival. Even assuming the 
maximum observed predator abundances and consumption rates, the impact of predation 
on the total population of surveyed fry is not extensive. The highest predator abundance 
recorded in 124 m2 of gillnet was 54.0 fish/hr on June 1, 2006. If we assume this 
maximum predator abundance was present during every nocturnal hour for all 35 days of 
the simulated predation period, 4,725 fry would be consumed, representing only 12% of 
the population under the surveyed area in 2006. To consume 50% of the surveyed fry 
population the predator abundance has to be sustained for all 12 hours at a level four 
times the highest predator abundance ever recorded. It is probable that predator 
abundances in gillnets (fish/hr) do not accurately translate into total fish feeding on the 
spawning reef. Catch per unit effort (CPUE) in gillnets is affected by both fish abundance 
and catchability (Linlokken and Haugen 2006). Linlokken and Haugen (2006) concluded 
that the catchability of perch (Perca fluviatilis) and roach (Rutilus rutilus) decreased at 
elevated abundances and, subsequently, there was a nonlinear relationship between 
CPUE and density. Thus, at Grand Isle, high CPUEs (fish/hr) from gillnets could be 
under-estimating the total fish present on the reef.   
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Based on the observed seasonal warming pattern and the predators’ response, a 
relatively drastic 5o C increase in ambient temperatures increased the number of fry 
consumed by 25%. Hypothetically, a warm fall followed by very cold winter and fast 
warming in spring could produce late spawning, slow overwinter development, and rapid 
onshore movement of predators in spring.  This would result in a peak in fry emergence 
that would coincide with increased predator abundances, resulting in increased fry 
consumption. Although we observed some individuals with high consumption rates, the 
overall low percentage of predators consuming more than one fry (5%) diminished the 
overall severity of predation (Riley 2007). This low percentage of confirmed fry 
predators was within other observed ranges from the Great Lakes and was consistent 
between the 2 years at Grand Isle (Riley 2007). However, we do not know what the effect 
of higher temperatures would be on increased consumption of fry by individual predators. 
Some of our assumptions are possibly too conservative and underestimate the 
impact of fry predation on survival. The model only simulates fry predation over 35 days 
versus 85 days in the model of Jones et al. (1995) and 30, 60 and 90 days in the model of 
Savino et al. (1999) based on fry emergence periods in the Great Lakes. However, Savino 
et al. (1999) found that fry survival was more sensitive to changes in predation rates as 
opposed to the duration of the predation period.   
The models in this study do not take in account interstitial predation of fry by 
benthic predators such as sculpins. Sculpin consumption rates vary between 0.5 fry per 
day in the field to as high as 2.5 fry per day in the laboratory  (Stauffer and Wagner 1979; 
Savino and Henry 1991). In Lake Huron, approximately 3-6% of sculpins were found 
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eating lake trout fry (Savino et al. 1999). The density of sculpins in Lake Champlain has 
been estimated at 4.9 fish/m2 ,  which is comparable to sites in Lake Michigan and 
exceeds denties in Lake Huron (Jonas et al. 2005). If we assume the highest consumption 
rates from the lab, at the highest percentage of fry predation occurrence, for the longest 
period that fry would be available to interstitial predators in Lake Champlain (60 days, 
Riley 2007), interstitial predation by sculpins would account for an additional 14.8 % of 
the total available fry population under the surveyed area. 
The consumption probabilities for epi-benthic predators derived from 2-hour 
gillnets used in the models were assumed for the entire night when a shorter time scale is 
probably more realistic. However, it was unclear from stomach analysis when a fry was 
consumed. The fish community at Grand Isle is considered to be an open population and 
limited consumption data suggest that predation was additive as the night progressed. Fry 
digestion rates in alewives, known for relatively rapid digestion, were 2-3 hrs in a 
laboratory setting (Krueger et al. 1995b). Stomach contents, including fry, were still 
relatively intact from predators captured in a 18 hr gillnet set in 2006 at Grand Isle. 
However, fry consumed by fish captured early in that 18-hour period may not have been 
observed in stomach contents. The maximum number of fry we found in stomachs was 
30 fry among 10 total predators collected in 2006 during a dawn, two-hour gillnet set. If 
we assume the highest observed consumption rate for every nocturnal two hours for 35 
days, the model results in 6,300 consumed fry, representing 17% of the total available fry 
population under the surveyed area averaged for 2006 and 2007. 
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It is possible that the estimation of fry density within the area sampled by the nets 
is an overestimate. The hatching success rate of 16% was an average from two different 
methods at Grand Isle in the same year. In the winter of 2002-03, 14.5 fry per 100 eggs 
was calculated by comparing egg densities in egg bags to fry density in the following 
spring from stationary emergent fry traps (Marsden et al. 2005). A fry hatching success of 
18.2 % was estimated using egg bags with a known quantity of eggs that were covered 
after spawning and retrieved during hatching in spring (Marsden et al. 2005). Hatching 
success was also similar (11.7%) during the same winter at a different site in Lake 
Champlain (Marsden et al. 2005). 
If the gillnets accurately sampled an equivalent area of 124 m2, we can compare 
our model results to those of Savino et al. (1999). Their model concluded that “high” fry 
predation rates of 8/fry/m2 could reduce lake trout survival to only 17% even at elevated 
egg densities. Equivalent consumption rates in our model, based on our egg densities, 
would result in 7% survival of fry in the surveyed area but require improbable predator 
abundances of 400 fish/hr. However, the starting egg densities used in the models are 
vastly different. Egg densities at Grand Isle in the fall of 2005 and 2006, were 1,993 
eggs/m2 and 1,905 eggs/m2 (Riley 2007), compared to 500 eggs/m2, a “high” level of egg 
density for the Great Lakes (Savino et al. 1999). Thus, modeling fry consumption at the 
Grand Isle site likely represents an extreme case in terms of high egg and fry density. 
Savino et al. (1999) did not base their predation rates on empirical consumption 
probabilities. They acknowledged that the fry predation rate is the most significant 
unknown parameter in their model and it appears based on our data that they are over-
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estimating fry predation rates. By assuming an egg density of  500 eggs/m2 for Grand 
Isle, loss of fry to predation represents 9.6% and 23.7% of the estimated population based 
on the average predator abundances in 2007 and 2006. Predation could be having a more 
significant impact on fry survival at other sites in the Great Lakes with lower egg 
densities (< 500 m2) assuming that the frequency of fry predation and consumption 
probabilities are constant. 
The model of Savino et al. (1999) supports the general result from our model; in 
order for fry predation to have a significant impact on the total fry populations in Lake 
Champlain, predator abundances would have to be sustained at unrealistically high levels. 
Although predation is most likely not the sole cause of the recruitment bottleneck in 
Lake Champlain, its effect is augmented by the location of spawning reefs in shallow 
habitats that have a high abundance and diversity of littoral predators. The dynamics of 
fry predation in Lake Champlain is likely to be affected by the recent introduction of 
exotic alewives; the first alewives appeared in 2003, and by 2007 their populations began 
to expand dramatically (Bernie Pientka, VTDFW, personal communication). 
Alewives have been documented consuming fry in the laboratory and field and their 
expansion in Lake Champlain could increase the severity of fry predation (Krueger et al. 
1995b). Other ecosystem variables could also increase the impact of lake trout 
fry predation in other bodies of water; such as a decrease in egg and fry densities, a 
reduction in the quantity and diversity of alternative food sources, and an increase in the 
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Appendix A. Relative abundance of lake trout spawners at four sites in Lake Champlain, 
fall 2006. Methods were similar to assessments using index gillnets conducted in the 
Great Lakes (Selgeby et al. 1995, Bronte, 2007). Adult lake trout were sampled with 
overnight sets of one or two 122-m x 1.8 m gillnets with 4 panels each of 114, 127, 140, 
and 152 mm stretch-mesh-sizes. Nets were constructed of multifilament nylon twine. # 
lake trout = equivalent to raw number of lake trout per single index gillnet, lake trout/km 
= equivalent to number of lake trout per 1 kilometer (Bronte et al. 2007), lake trout/305= 
equivalent to number of lake trout per 305 meters (Selgeby et al. 1995). Criteria 
suggested for minimum stock size thresholds sufficient for restoration are 17-135 lake 
trout/305 m  (Selgeby et al. 1995) and 164 lake trout/km (Bronte et al. 2007). 
 
 Date Site  # of lake trout lake trout/km lake trout/305m 
 
 11/2/07 Grand Is.  49  402 123 
  
 11/2/07 Grand Is. 41 336 103 
 
 11/5/07 Grand Is.  38 311 95 
 
 11/7/07 Arnold Bay 40 328 100 
 
 11/9/07 Arnold Bay  23 189 58 
 
 11/21/07 Rockwell Bay 64 525 160 
 
 11/21/07 Wilcox Cove 93 761 232   
 
 12/5/07 Grand Is. 56 459 140 
 
 94
Appendix B. Bottom trawl samples from Lake Champlain in 2006 and 2007. GI = Grand 
Isle, adjacent to the ferry dock; AB = Arnold Bay.  NA = data were not collected. TL = 
total length.  
Date Site Av. Depth (m) Minutes Contour path Species N Av. TL (range) mm 
5/30/2006 GI 10 15 across yellow perch 5 NA 
     trout perch 5 NA 
  25 13 along smelt 3 102 (100-104) 
     yellow perch 1 NA 
  33 15 across smelt 6 75 (70-163) 
     tes. darter 2 40 
     Cottus spp. 1 43 
     yellow perch 2 82 
     trout perch 3 57 (52-62) 
     spotail shiner 1 66 
  37 15 along smelt 1 74 
     tes. darter 1 54 
     Cottus spp. 1 49 
        
6/5/2006 GI 6 10 along yellow perch 102 162 (114-192) 
     Cottus spp. 1 68 
  35 33 across yellow perch 461 88 (62-133) 
     smelt 61 108 (55-160) 
     white perch 1 NA 
     trout perch 22 NA 
     white sucker 2 NA 
     Cottus spp. 6 59 (48-70) 
     spotail shiner 23 NA 
  46 16 across yellow perch 4 NA 
        
6/12/2006 GI 15 13 across yellow perch  20 85 (70-121) 
  24 12 along trout-perch 3 88 (83-98) 
     tes. darter 2 34 (31,37) 
  35 15 along Cottus spp. 7 56 (45-81) 
     trout perch 16 98 (72-120) 
     lake trout 2 201 
     spotail shiner 2 NA 
     smelt 44 114 (77-162) 
  42 28 along red horse sucker 1 NA 
     alewife 2 95 
     smelt  86 157 (145-192) 
     Cottus spp. 16 56 (36-72) 
     tes. darter 1 38 
     lake trout  2 215 (193, 238) 
  53 30 along smelt  22 104 (73-181) 
     burbot  1 316 
     tes. darter 3 38 (33,44) 
     Cottus spp. 55 59 (42-96) 
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Appendix B. Continued        
        
6/20/2006 GI 49 11 along Cottus spp. 1 NA 
  52 45 along smelt  20 127 (85-178) 
     Cottus spp. 112 68 (38-82 
        
7/6/2006 GI 50 51 along smelt 38 NA 
     Cottus spp. 97 NA 
     lamprey 1 274 
     lake trout 2 235 (195,275) 
  56 30 along smelt  24 124 (75-178) 
     Cottus spp. 65 56 (40-74) 
     trout perch 1 NA 
     lake trout 2 210 (190,229) 
  60 31 along smelt  1 NA 
     Cottus spp. 4 NA 
        
6/13/2006 AB 7 25 along yellow perch 80 100 (70-255) 
     spotail shiner 25 NA 
  12 22 along yellow perch 77 NA 
     smelt 68 NA 
     darter 7 NA 
     white perch 4 NA 
     spotail shiner 1 NA 
     darter 1 31 
     trout perch 1 NA 
  15 18 along yellow perch 3 NA 
     trout perch 1 NA 
     darter 2 NA 
     smelt 2 60 (62,58) 
        
6/21/2006 AB 14 11 across yellow perch 2 142 (70,213) 
     darter 1 46 
  23 49 along smelt 94 148 (136-159) 
     Cottus spp. 9 54 (48-65) 
     yellow perch 71 NA 
  26 16 along white perch 1 67 
     Cottus spp. 1 75 
        
7/12/2006 AB 14 22 along cisco 1 312 
     trout perch 14 94 (63-128) 
     smelt 8 103 (83-142) 
     Cottus spp. 2 30 (17,43) 
  16 15 along darter 7 52 (47-70) 
     trout perch 4 71 (65-72) 
        
7/19/2006 AB 17 67 along yellow perch 22 187 (106-306) 
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Appendix B. Continued___________________________________________________ 
     Cottus spp. 1 48 
     trout perch 27 95 (70-123) 
     darter 7 44 (41-49) 
     smelt 42 102 (38-135) 
     red horse sucker 1 158 
     white sucker 2 180 (174,185) 
        
6/11/2007 GI 5 15 along yellow perch 4 117 (98-132) 
        
6/18/2007 GI 4 30 along  yellow perch 82 NA 
  7 71 along yellow perch 56 NA 
  15 35 along darter 1 NA 
        
6/29/2007 GI 5 32 along yellow perch 37 124 (108-138)  
  8 30 along yellow perch 1 125 
        
7/24/2007 GI 52 43 along lake trout 1 185 
     sea lamprey 1 275 
     smelt 16 158 (81-194) 
     Cottus spp. 694 62 (41-95) 
  67 60 along burbot 1 343 
     darter 1 32 
     smelt 7 159 (152-175) 
     Cottus spp. 432 68 (36-88) 
  73 59 along smelt 13  124 (46-170) 
     Cottus spp. 253 59 (37-82) 
________________________________________________________________________________________________ 
